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ABSTRACT

The temporal confinement of laser light pulses to durations approaching the optical period, and
the subsequent conversion of these pulses into extreme ultraviolet and x-ray wavelengths through
the process of high-order harmonic generation (HHG), has enabled measurement and control of
ultrafast processes spanning picosecond to attosecond timescales. Typically achieved by nonlinear
compression of multi-cycle pulses in gas-filled hollow-core fibers, compression to single-and even
sub-cycle durations is now becoming routine due to the availability of state-of-the-art Ti:Sapphire
laser amplifiers outputting millijoule level pulses with pulse durations below ten cycles. Even so,
reliance on mJ-level Ti:sapphire lasers has in most cases limited repetition rates to the few
kilohertz regime, therefore restricting their application to time-resolved spectroscopies for which
high repetition rates are needed. Toward this end, nonlinear compression of Yb-doped solid state
and fiber sources, for which small quantum defect allows for high average powers, has garnered
considerable attention in recent years. In this dissertation, I investigate the spectral broadening and
temporal compression of sub-millijoule, 280 femtosecond pulses from a high average power Ybdoped laser amplifier by nonlinear compression in gas and solid media. The application of these
pulses to high-repetition rate time-resolved studies is further established through their use in both
HHG and time- and angle-resolved- photoemission spectroscopy. Moreover, I demonstrate the
ability to harness the delayed nonlinearity of molecular gases to obtain multi-octave spectral
broadening from pulses with long input durations and achieve compression to sub-two cycle
durations. The fidelity of the sub-two cycle pulses is demonstrated through the generation of a
high-order harmonic XUV continuum, suggesting a path to perform attosecond measurements with
iii

commercial laser systems. Finally, I investigate the potential to extend this technique to high
average powers by studying the effects of nonequilibrium rotational state distributions in the
repetitively laser-heated molecular gas on the supercontinuum spectrum.
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CHAPTER 1: INTRODUCTION

The natural world is teeming with physical processes which take place much faster than the human
eye can follow. These processes are integral to the outcome of many fundamental interactions that
lie at the intersection of physics, chemistry, and biology, suggesting the importance of deeply
understanding their inner workings. Over the last century, the development of advanced
metrological tools and techniques have provided the means to witness and control these rapidly
occurring phenomena like never before. Beginning with the development of fast exposure
photography in the late-19th century, the collection of images with exposure times below one
second became possible [1]. The “instantaneous” collection of these images gave way to the
groundbreaking work of Eadweard Muybridge, whose revolutionary chronophotography of a
horse’s gallop made waves around the world for being able to depict this “ultrafast” process for
the first time [2]. Technical advances allowed shutter speeds to increase, and thus allowed
capturing faster phenomena, but only to a point. Once mechanical shutters were pushed to the
limits, new technologies such as streak cameras allowed the observation of processes taking place
in less than a microsecond. [3].
The introduction of stroboscopy [4] and rapatronic shutters [5] further increased our ability
to reach higher temporal resolutions by removing the limitations of physical shutters altogether,
instead employing pulsed sources of light and electricity, respectively, to more rapidly capture
images. However, studying ultrafast phenomena at the microscopic scale would require the advent
of flash photolysis [6] and a new experimental technique based on the excitation and subsequent
observation of a process with two carefully time delayed bursts of light – a “pump” and a “probe”.
1

Using gas-filled discharge tubes, whose durations could eventually reach few nanosecond
durations, the creation of the pump-probe spectroscopic technique made it possible to study the
evolution of chemical reactions in a new ultrafast regime [7]. Upon the invention of the laser [8],
rapid development into the implementation of coherent pulsed light sources for spectroscopic
studies gave way to a revolution in our understanding of the microcosm [9].
Advances in laser technology through the second of half of the 20th century resulted in the
generation of high energy pulses with picosecond (ps, 1 ps = 10-12 s) [10-12] and eventually
femtosecond (fs, 1 fs = 10-15 s) [13-19] durations, providing the experimental tools necessary to
characterize the motion of atoms and molecules for the first time [20-25]. With femtosecond lasers,
scientists could monitor the rotational and vibrational motion of molecules with enough temporal
resolution to trace these fundamental chemical dynamics [26,27]. With the discovery of high-order
harmonic generation [28,29], which provided a mechanism with which to convert femtosecond
laser sources into extreme ultraviolet (XUV) and x-ray wavelengths, a path towards reaching subfemtosecond resolutions was opened [30]. Within the turn of the century, the nonlinear
compression of Kerr-lens mode-locked Ti:Sapphire laser systems [31-35], together with carrier
envelope phase control [36], provided scientists with the sophisticated tools necessary to control
the shape of intense few-cycle laser fields and generate isolated attosecond (as, 1 as = 10-18 s)
pulses capable of tracking the motion of electrons [37-39].
Over the last two decades, ultrafast laser science has continued to mature, and several
laboratories around the world now routinely employ few-cycle pulses to perform attosecond
measurements [40-42]. The advent of table-top sources of XUV pulses have also provided a new
temporal dimension to existing particle detection techniques such as photoemission spectroscopy
2

[43] (PES) and coincidence-based cold target recoil ion momentum spectrometers [44]
(COLTRIMS). Though these sources have provided alternatives to large-scale facilities such as
free electron lasers or synchrotrons, significant increases to the average XUV photon flux are still
necessary for the most demanding applications [45]. This has been a difficult task to accomplish
using Ti:Sapphire laser technologies, as the high quantum defect of the lasing medium places
thermo-optical constraints on the repetition rates that can be achieved. As a result, the development
of ytterbium-doped laser technologies [46-48], whose smaller quantum defect and architectural
versatility allows for the generation of much higher average powers than Ti:Sapphire, has garnered
attention from the ultrafast community [49]. However, the narrower gain-bandwidths of Yb-doped
crystals results in pulses hundreds of femtoseconds in duration, making their implementation as
few-cycle drivers for attosecond science still a challenging task.
This dissertation presents investigations into the generation of few-cycle pulses for highorder harmonic generation and time-resolved spectroscopies from a high average power Yb-based
commercial laser system. Challenges associated with the implementation of different nonlinear
compression techniques to compress pulses with moderately lower energies and significantly
longer durations are discussed and overcome to reach few-cycle durations. The application of these
pulses to high-repetition rate time-resolved studies is then supported through their use in both HHG
and time- and angle-resolved- photoemission spectroscopy (trARPES). The organization of this
dissertation is as follows:
Chapter 2 provides a summary of the technological developments that paved the way for the
current state of ultrafast laser science, describing the process by which key milestones like modelocking and chirped pulse amplification were discovered and implemented. The establishment of,
3

as well as the challenges faced by, titanium sapphire (Ti:Sa) and Yb-based laser technologies are
also discussed.
Chapter 3 gives an overview of the mathematical description of ultrashort laser pulses and the
nonlinear compression techniques commonly used to achieve few-cycle durations. Pulse
characterization techniques are briefly introduced, with a focus on the frequency resolved optical
gating technique used in the subsequent chapters.
Chapter 4 describes initial investigations into the use of thin solid media to generate broad
supercontinuum spectra. The collection of spatially resolved spectra is discussed in the context of
energy and bandwidth optimization, and compression to few-cycle durations (<20 fs) is
demonstrated using two stages of the multi-plate medium.
Chapter 5 describes the use of noble gases in a hollow-core fiber (HCF) compressor, looking at
the effects of gas species and fiber geometry on the supercontinuum generation and pulse
compression. It provides a look at the limitations faced when needing to employ highly nonlinear
gases with low ionization potentials. Compression to few-cycle durations (15 fs) is demonstrated
in both a 1 meter and 3-meter HCF, and the implementation of second stage of compression using
thin solid media is shown to decrease the pulse duration below 10 fs. Considerations necessary to
maintain few-cycle supporting bandwidths at high average power operation are also outlined.
Chapter 6 presents the use of molecular gases for pulse compression in HCF. Experiments seeking
to employ the vibrational degrees of freedom and low ionization potential of heavy molecular
gases are briefly discussed, along with the limitations that are present when trying to extend the
spectral bandwidth and operate at high average powers. This chapter then discusses the advantages
4

of using linear molecules, for which the delayed rotational nonlinearity can be harnessed to
generate a multi-octave supercontinuum and red-shift the fundamental laser frequency of pulses
with long input durations. I then demonstrate the use of the delayed nonlinearity to compress our
laser pulses to below two optical cycles, with a compression factor >45x. Finally, this chapter
investigate the potential to extend this technique to high average powers by studying the effects
nonequilibrium rotational state distributions in the repetitively laser-heated molecular gas have on
the supercontinuum spectrum.
Chapter 7 demonstrates the use of our tunable laser source for the generation of high-order
harmonics. High order harmonic spectra obtained using both compressed and uncompressed laser
pulses are presented and discussed. Experiments using the uncompressed second harmonic of our
laser source to generate XUV HHG for laser-based trARPES with high temporal resolution are
presented. Furthermore, sub-two cycle pulses are used to generate a high-order harmonic XUV
continuum, suggesting a path to perform attosecond measurements with commercial Yb laser
systems.
Finally, chapter 8 provides a summary and outlook towards the future applications of this tunable
laser source.

5

CHAPTER 2: ULTRAFAST LASER SCIENCE

Active scientific and technological development following the invention of the laser in 1960 [8]
quickly paved the way for what would become a revolution in the study of nonlinear and ultrafast
optical phenomena. Observations of second order optical nonlinearities like second harmonic
generation (SHG) [50] and sum-frequency generation (SFG) [51] were achieved for the first time
the following year by focusing the new coherent light source onto transparent crystals with broken
inversion symmetry. That same year, the introduction of a Pockels cell within the laser cavity was
demonstrated [52] to reduce the duration of light emission from milliseconds to as short as tens of
nanoseconds (ns, 1 ns = 10-9 s). This chapter introduces the key milestones that followed and
allowed the development of mode-locked femtosecond laser technologies which are widely
employed to study ultrafast light-matter interactions today.

2.1 Technological Development
Reaching nanosecond pulse durations was achieved through manipulation of the cavity quality
factor (Q factor) via the induced polarization change brought on by the Kerr-effect [53],
significantly reducing the output duration of pulses from solid state lasers. Referred to as active
Q-switching [54], this method employed external control over the Q factor via an electrical input
and would later make use of more sophisticated mechanical controls inside the cavity to modulate
the losses and repetition rate [55,56]. In contrast, another approach to Q-switching made use of
saturable absorption, where a bleachable organic dye served as a passive filter [57]. To shorten the
pulse duration the intensity-dependent transmission of the loss medium serves to temporally
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modulate energy dumping into the gain medium, and subsequent recovery of the absorber controls
the build-up of energy in the gain medium until a steady state is reached within the cavity.
Seeking to achieve control over the number of laser modes contained within the “giant
pulses” produced by the newly coined Q-switching technique, researchers began to investigate the
interplay between gain and loss within the laser cavity, and through systematic study of spatial
separation between gain and loss medium, amplitude and phase-locking of multiple cavity modes
was demonstrated to produce laser pulses as short as 1 ns with peak powers of 5 MW [58]. Around
this same time, researchers were also investigating an active control approach to the amplitude and
phase locking of multiple cavity modes, through the modulation of losses inside the cavity at time
intervals commensurate with integer multiples of the axial mode spacing. This was demonstrated
both in gas [59,60] and solid-state lasers [10,11] by means of acousto-optic modulation or Pockels
cell usage. Through modulation of transmission within the cavity at frequencies proportional to
the fundamental cavity resonance, pulse durations below 1 nanosecond could be achieved. From
these demonstrations, fundamental properties of mode-locked pulse trains were described:
1.

The pulse train has a repetition rate 𝑇 (time between output pulses) equal to the inverse of

the axial mode spacing ∆𝜈
2.

The peak power 𝑃0 of each pulse is n times the average power, where n is the number of

cavity modes
3.

The duration 𝜏 of each pulse is equal to 𝑇⁄n

7

Various approaches to active and passive [61] mode-locking were explored in the decade following
these demonstrations, leading to pulse durations of a few hundred picoseconds, limited only by the
bandwidth of the employed gain media.
However, after the discovery of stimulated emission from organic dye solutions pumped
by nanosecond pulses [62] researches began exploring the use of organic dyes as gain media due
to their tunable and much broader emission bandwidths. Using passive mode-locking schemes
flash-lamp pumped dye-lasers employing various species were demonstrated to reach pulse widths
few picoseconds in duration [63-65], and through continuous-wave (CW) laser pumping of
Rhodamine 6G containing solutions a stable continuous output of pulses 1.5 picoseconds in
duration was achieved [66]. Passively mode-locked dye-lasers sources with pulse durations of a
few picoseconds and tunable central wavelengths were widely demonstrated in the early 1970s
[12,13], but with the introduction of colliding pulse mode-locking (CPM), the duration was
reduced to sub-picosecond durations as short as 100 fs [14]. This modified ring-like cavity
geometry, whereby counter propagating pulses interact in a thin saturable absorber, resulted in
increased stability, high average output power, and an insensitivity of the pulse width to the input
pump power. Furthermore, multi-stage laser-pumped dye amplifiers were shown to produce pulses
with a peak intensity up to 3 GW while maintaining a 0.5 ps pulse width from a passively modelocked CW dye laser.

2.1.1 Femtosecond Pulses
Experimental demonstration of nonlinear optical phenomena continued in tandem with the rapidly
evolving laser technology used to induce it. Observations of third order nonlinearities like third
8

harmonic generation (THG), self-focusing, and self-phase modulation (SPM) [67-72] took place
early on. The frequency shifts induced by the latter would later become integral to ultrashort pulse
generation, as the broad spectral bandwidths with frequency sweeps or “chirps” could be mitigated
with dispersive optics to produce pulses much shorter than their input duration. Studies of selfphase modulated picosecond pulses in glass media [72] shed light on the physical mechanism
driving the generation of broad spectral bandwidths, and demonstrations of their spectroscopic use
[21] led the way for future applications in transient absorption spectroscopy.
By employing the newly amplified CPM sources to drive SPM in optical fibers, researchers
quickly developed schemes to compress pulses to several 10s of femtoseconds in duration through
group-velocity dispersion (GVD) compensation [73,15]. However, a big development came from
an approach that sought to balance SPM, GVD, saturable absorption, and saturable gain [74] all
within the resonator – demonstrating passively mode-locked pulses approximately 30 fs in
duration directly from the laser system in both a CPM and linear-resonator geometry. By the mid1980s, pulses below 20 fs could be achieved after external compression and dispersion
compensation [75,76], with a record 6 fs duration being demonstrated by means of third order
(cubic) phase compensation following frequency broadening in a quartz fiber [16].
Around this same time, a solid-state laser system employing titanium doped sapphire
(Ti:AlO3) crystals was emerging as a promising and simpler alternative for operations in the nearinfrared (NIR) spectral region [77,78]. Its broad emission bandwidth made it an attractive
candidate for ultrashort pulse generation, and its ability to be pumped by the same sources as
various dye-laser systems meant it could be quickly investigated by various laboratories around
the world. Titanium sapphire (Ti:Sa) laser systems were soon demonstrated to produce pulses
9

down to picosecond durations through active and passive mode-locking means [79-83]. The
implementation of nonlinear optical feed-back in externally coupled cavities, which were
originally used to obtain femtosecond duration pulses from color-center lasers [84], were shown
to also reduce the duration of Ti:Sa mode-locked systems and garnered a lot of experimental and
theoretical attention [85]. The coupled cavity mode-lock action, otherwise referred to as additive
pulse mode locking (APM), was even shown to “self-start” mode-locking under certain conditions
[86], but experimental implementation required precise interferometric length control subject to
environmental instabilities.
Although various experimental schemes were shown to improve long-term stability, a
major shift in focus occurred in 1991 after a Ti:Sa laser was reported to produce 60 fs mode-locked
pulses in a single cavity [17]. Unlike in previous demonstrations, this laser was mode-locked
without the use of any active or passive intracavity elements for intensity dependent transmission
control. This self-mode-locking action was soon understood to be a consequence of the selffocusing induced in the gain medium [85,87-89] and was shown to work with the use of a
physically introduced element (hard aperture), or due to a change in the gain spot size (soft
aperture). Through the optimization of intracavity dispersion compensation in oscillator and
amplification stages high-average power (0.5 W) sources of sub 20-fs pulses were now achievable
[90]. Dedicated development of systems employing this technique, referred to as Kerr-lens modelocking (KLM), quickly demonstrated the potential for Ti:Sa laser technology to become the
driving force behind the ultrafast laser community, with state-of-the-art oscillators reaching subtwo cycle durations directly from the laser system [91,92].

10

2.1.2 Chirped Pulse Amplification
As pulses durations from mode-locked systems began to shrink, the ability to amplify them became
more challenging. The high intensities reached by the ultrashort pulses in the amplification
medium were large enough to damage crystals and optical components, placing a strict
compromise on the pulse width and energies that could be reached directly from a laser system.
Sub-picosecond amplification [15] was first demonstrated with the use of laser-pumped dye
amplifiers, where near gigawatt peak powers could be achieved for optical femtosecond pulses
down to 70 fs. Here, beam distortion was the main difficulty sought to be overcome and could be
achieved by allowing the pulses to broaden in the amplification medium with gradual increases in
intensity throughout various stages of amplification. Subsequent compression with grating pairs
after optimal energy build-up could then be achieved with minimum distortion.
However, an approach which would revolutionize the field came from the demonstration
of chirped-pulse amplification (CPA), where deliberate temporal elongation of the pulses was
performed prior to the amplification step [93]. By doing so, the pulse intensity in the amplification
medium could be significantly reduced while allowing for energy build-up through various passes
in the amplification cavity. Subsequent compression of these pulses yielded millijoule (mJ) level
energies at picosecond pulse durations from a solid medium amplifier for the first time. The impact
this technique would have on the growing fields of nonlinear and ultrafast optical science became
evident with the development of Ti:Sa systems delivering mJ-level pulses at femtosecond
durations [94-97]. Combined with the advent of KLM lasers, researchers could now reach terawatt
level peak powers, with upwards of 50 mJ energies being delivered in less than 30 fs.

11

With the application of ultrashort pulse lasers for spectroscopic measurements and
frequency conversion came the demand for higher repetition rates. For the former, a larger number
of pulses means an increased precision when averaging over various measurements. For the latter,
a larger number of pulses means an increase in the effective power of these sources for
experimental implementation. However, generating sources with both large peak and average
powers simultaneously was a technologically challenging task, especially if few femtosecond
durations were to be obtained as well. Although repetition rates of several kilohertz (kHz) [76,98]
could be obtained from dye-laser sources, limitations in the power of pumping light sources
restricted pulse energies to a few microjoules. Concurrently, amplification of solid-state lasers had
also been demonstrated to work at few kHz repetition rates, reaching mJ-level energies at
picosecond pulse durations [99,100]. The use of pulsed laser sources for amplification medium
pumping and improvements to the intracavity Pockels cell extraction methods provided new means
for increasing amplification rates. In combination with short pulse duration KLM Ti:Sa oscillator,
mJ-level pulses with ~20 fs durations could be generated at kHz repetition rates [96].
Generation of ~20 fs pulse durations at higher repetition rates could also be achieved at
lower pulse energies [101,102] but maintaining both millijoule-level energy and multi-kHz
repetition rates remained challenging [103]. Owing to a relatively large quantum defect, Ti:Sa
crystals convert a significant portion of the pump energy into heat, which can result in thermally
induced lensing and birefringence with increasing pump energies [104]. Strategic cavity designs
can be implemented to overcome induced changes to the beam profile after successive passes
through the amplifying medium, but this can ultimately restrict the accumulated energy per pass.
Alternatively, dedicated heat dissipation can be used to cool down the crystal and increase thermal
12

conductivity. This approach has been predominantly implemented to achieve high pulse energy
build up at higher repetition rates [105,106] and is actively employed by most state-of-the-art
commercial systems and laser facilities around the world. Nevertheless, increasing the repetition
rate of millijoule-level Ti:Sa amplifiers beyond several tens of kHz remains a technologically
intensive task due to the need for cryogenic cooling [107], leading most laboratories employing
mJ-level amplifiers to operate at few kHz repetition rates.

2.1.3 Ytterbium Based Technology
During the rapid growth in adoption of Ti:Sa based technology in the 1990s, another
advantageous dopant for solid state laser materials was gaining traction. In particular, ytterbium
(Yb) doped materials, which lase at approximately 1 micron, were being shown to have desirable
qualities for supporting high average power operation [46-48]. Capable of being pumped by diode
lasers lying in the near-infrared (0.9 to 1.1 micron), the smaller quantum defect of Yb-doped
systems demonstrated larger energy efficiency. This also meant that the thermal load on these
systems could be significantly reduced, making operation at high average powers more feasible.
Furthermore, the simple quasi-three level system of the Yb3+ ion exhibited low excited state
absorption, making concentration quenching by interionic energy transfer unlikely and high
doping levels possible [108]. High gain could thus be obtained in short lengths, which thin disk
designs demonstrated to be efficient and power scalable [109]. From the large number of host
materials explored, Yb:KGW (KGd(WO4)2) was found to be a promising candidate for short pulse
generation. Its high absorption cross-section was favorable for high population inversion on a short
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crystal length, and its large emission cross-section prevented the pulse train from falling into a Qswitch mode-locking regime [110].
The development of these sources over the last couple of decades has vastly increased the
largest achievable average powers from femtosecond amplifiers. The unique geometries
implemented by fiber [111], thin-disk [112], and slab [113] lasers allow for a larger surface-tovolume ratio compared to a typical rod geometry, which in turn improve the cooling efficiency.
Impressive demonstrations of direct amplification from high-repetition rate oscillators employing
these schemes have been shown to reach kilowatt (kW) powers at megahertz (MHz) repetition
rates [114]. Regenerative amplifiers have also been shown to reach several tens of watts of average
power, with the advantage of easily tunable repetition rates in the hundreds of kHz [115]. However,
the main downside to Yb-based systems in comparison to the well-established Ti:Sa technology is
a comparably narrower gain bandwidth. This results in significantly longer pulse durations,
typically limited to <1 ps for Yb:YAG systems, and hundreds of femtoseconds for Yb-doped
crystalline media such as Yb:KGW and Yb:CaF2 lasers. These durations are sufficient for
industrial application of these lasers [116], but the integration of these systems to few-cycle
dependent applications requires the of use post-compression schemes. Luckily, nonlinear
compression techniques have been thoroughly studied and successfully implemented to perform
few-femtosecond and attosecond measurements with the use of Ti:Sa systems, providing an ample
toolbox for the up-and-coming Yb-based systems to utilize.
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2.2 Laser Parameters
All experiments described in this dissertation were performed using a commercial Yb:KGW laser
amplifier (Light Conversion PHAROS). The parameters for this turn-key system are summarized
in Fig 2-1 and are shown along with the experimentally measured spectrum and the FROG
retrieved intensity profile. The laser system outputs pulses with a central wavelength of 1025 nm
and a full-width half-maximum (FWHM) temporal duration of 280 fs. The maximum average
power of the laser is 20 W, for which the pulse energy and corresponding repetition rate are
configurable. Unless mentioned otherwise, all experiments were performed using the maximum
pulse energy of 400 µJ, corresponding to a maximum repetition rate of 50 kHz.

Figure 2-1: Laser Parameters
Yb:KGW laser amplifier used throughout this dissertation. (a) An image of the compact
commercial system is shown along with a summary of the laser parameters. (b) Measured laser
spectrum. (c) FROG retrieved intensity profile.
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CHAPTER 3: ULTRASHORT LASER PULSES

The fundamental principle behind the temporal confinement of light pulses to ultrashort durations
is the coherent manipulation of the phase relationship between its various frequency components.
Successful generation and application of ultrashort laser pulses requires a thorough understanding
of the properties that govern the creation of new frequency components, how differences in
dispersion across the bandwidth influence the shape of the ultrashort pulse, and what tools are
available to efficiently align the phases of these frequency components in order to produce the
shortest pulse durations. This chapter discusses how we physically describe the properties of light
pulses, the nonlinear processes commonly employed to broaden laser bandwidths, and the tools
available to compensate dispersion. Finally, an overview of techniques used to temporally
characterize ultrashort pulses is given.

3.1 Description of a Light Pulse
The electric field of a pulsed laser source can be described by:
𝐄(𝑟, 𝑡) = 𝐄0 (𝑟, 𝑡)𝑒 𝑖(𝒌0 ∙𝒓−𝜔0𝑡+𝜙(𝑡))

( 3-1 )

where 𝐄0 (𝑟, 𝑡) is the space- and time- dependent envelope of the laser pulse, 𝒌0 and 𝜔0 are the
spatial and angular frequencies of the electromagnetic wave, respectively, and 𝜙(𝑡) represents the
temporal phase of the field. Referred to as the carrier frequency, 𝜔0 corresponds to the center of
the spectral bandwidth making up the laser pulse. Though the exact shape of the temporal envelope
can vary, they can often be well approximated by Gaussian functions:
𝐄0 (𝑟, 𝑡) = 𝐄0 (𝑟)𝑒 −2ln2(𝑡
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2 ⁄𝜏 2 )

.

( 3-2 )

Here, 𝜏 is the pulse duration, which is calculated at the FWHM of the intensity. Since the pulse
𝐄(𝑟, 𝑡) is made up of superimposed spectral components, we can relate it to the amplitude of the
frequency spectrum 𝐄(𝑟, 𝜔) through the Fourier Transform (FT):
𝐄(𝑟, 𝜔) =

1

∞

∫ 𝐄(𝑟, 𝑡) 𝑒 𝑖𝜔𝑡 𝑑𝑡.
√2𝜋 −∞

( 3-3 )

Equivalently, the time-dependent pulse can be obtained through the Inverse Fourier Transform
(IFT) of the complex spectrum:
𝐄(𝑟, 𝑡) =

1

∞

∫ 𝐄(𝑟, 𝜔) 𝑒 −𝑖𝜔𝑡 𝑑𝜔
√2𝜋 −∞

( 3-4 )

We can also define an amplitude 𝑨0 (𝑟, 𝜔) and phase 𝜑(𝜔) to the frequency spectrum in the
spectral domain.
𝐄(𝑟, 𝜔) = 𝑨0 (𝑟, 𝜔)𝑒 𝑖𝜙(𝜔)

( 3-5 )

By setting the value of 𝜙(𝜔) to zero and performing an IFT of the experimentally collected
frequency spectra, we can obtain the intensity profile of the shortest possible pulse supported by a
given spectral bandwidth. This approach is used throughout this dissertation to calculate what is
referred to as the Fourier-Transform-limited (FTL) duration.
Since the process of nonlinear pulse compression not only requires generation of new
frequency components, but also control over their relative phase, it is advantageous to understand
how the spectral phase 𝜙(𝜔) varies across the bandwidth with respect to the central frequency 𝜔0 .
A more intuitive picture can be given if we define this relationship through the spatial frequency
𝒌(𝜔), as the effects medium dispersion and nonlinear propagation have on the pulse become
immediately evident. We can consider the case where the k-vector is directed along the z-direction
and denote the magnitude of relevant values through their scalar product. Equation 3-6 depicts the
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exact form of the spatial frequency, as well as the first few terms of its Taylor expansion about the
carrier frequency, in a medium. In its exact form, we can surmise how the refractive index varies
with frequency, but by looking at the behavior of the terms in its expansion, we can come to
understand how the frequency content of a pulse will be affected during propagation
𝑘(𝜔) =

𝑛(𝜔)𝜔
𝑐

1 𝜕2𝑘

𝜕𝑘

≈ 𝑘(𝜔) |𝜔 + 𝜕𝜔 |𝜔 (𝜔 − 𝜔0 ) + 2 𝜕𝜔2 |𝜔 (𝜔 − 𝜔0 )2 + ⋯
0

0

0

( 3-6 )

In the linear regime, as the pulse propagates a distance ∆𝑧 it will accumulate a phase shift ∆𝜑 =
𝑘∆𝑧, and we can define the effects these various terms have on the spectral phase. The first term
corresponds to the phase velocity 𝑣𝑝 =

𝑛(𝜔0 )𝜔0
𝑐

of light and defines the speed at which different

frequencies travel in a medium.
As the frequency content of a source grows, variations in the speed of these various
components will also expand across the bandwidth, and the second term in the expansion defines
how the phase of these different components shifts within the envelope of the pulse. The inverse
−1

𝜕𝑘

of this term is referred to as the group velocity 𝑣𝑔 = (𝜕𝜔 |𝜔 ) , and it defines the speed at which
0

the peak of the pulse envelope propagates in the medium. The phase difference between the carrier
wave and the peak of the pulse envelope is referred to as the carrier-envelope phase (CEP), for
which obtaining stability and control becomes necessary during certain strong field dependent
experiments. As pulses with large frequency content propagate through a dispersive medium these
variations will result in temporal elongation.
The third term in the expansion is referred to as the group velocity dispersion (GVD) and
is used to quantify how the pulse duration grows per unit length traveled in the medium. The
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product of GVD and distance traveled ∆𝑧 is used to define the group delay dispersion (GDD)
accumulated by the pulse, and it’s often referred to as second order dispersion. As will be discussed
in the following sections, control over the GDD of a pulse is necessary to obtain ultrashort pulses,
as the generation of new frequencies through self-phase modulation introduces a positive amount
of GDD which must be compensated. Third order dispersion (TOD), as well as higher order terms
in this expansion play a more minor yet still significant role in distorting the shape of the pulse,
leading to pulse break up and the creation of satellite pulses, requiring careful control to efficiently
compensate.

3.2 Nonlinear Compression
As mentioned in the previous chapter, the generation of ultrashort pulses (tens-to-hundreds of
femtoseconds in duration) is most commonly achieved with the use of mode-locked lasers [117].
In order to obtain pulses with shorter temporal durations than what can be supported by the gain
bandwidth of the laser medium, access to a larger bandwidth of frequencies is necessary [118].
The generation of these frequencies needs to occur in a way that does not severely distort the
temporal and spatial coherence of the laser pulses in order to effectively compress them in time.
This is done by compensating the chromatic dispersion, which induces a frequency dependence on
the phase and group velocities of light, that is induced by the broadening process. Adequate
compensation can bring the pulse duration down to values near the transform limit (shortest pulse
duration achievable for a given spectral bandwidth). Obtaining bandwidths with well-behaved
spectral phases capable of being compensated requires a thorough understanding of the broadening
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process, and control over the parameters which determine the extent of the broadening and induced
dispersion.

3.2.1 Self-phase modulation
The most robust and commonly used method to broaden femtosecond laser spectra is through selfphase modulation (SPM) [71,72]. This effect is due to the intensity-dependent refractive index of
materials, given by:
𝑛 = 𝑛0 + 𝑛2 𝐼(𝑟, 𝑡)

( 3-7 )

Where 𝑛0 is the linear refractive index, 𝐼(𝑟, 𝑡) is the time averaged intensity of the field, and 𝑛2 is
the nonlinear refractive index, which is directly proportional to the third-order susceptibility of the
medium. Here we have assumed that the nonlinear response is solely made up of the instantaneous
response of the electron cloud, but as we will see in Chapter 7, delayed nonlinear contributions
present in molecular media can significantly alter the change of the refractive index. In any case,
the intensity dependent change in refractive index experienced by the pulse as it propagates
through the media generates a nonlinear phase that alters the instantaneous frequency of the electric
field 𝜔(𝑡), which is initially equal to the carrier frequency 𝜔0 , by an amount 𝛿𝜔. For a Gaussian
temporal profile, the induced change to the instantaneous frequency is given by:
𝛿𝜔 =

𝑛2 𝜔0 𝐿 𝜕𝐼
𝑐

=
𝜕𝑡

𝑛2 𝜔0 𝐿 2𝑡𝐼0
𝑐

𝜏2

−𝑡 2

exp ( 𝜏2 )

( 3-8 )

Here, 𝐿 is the length of the medium, 𝜏 is the pulse duration, and 𝐼0 is the peak laser intensity.
Figure 3-1 depicts the typical change in frequency experienced by an ultrashort pulse during the
SPM process.

20

Figure 3-1: Time-dependent Frequency Shift
Plot of 𝛿𝜔 as a function of time for a Gaussian pulse shape. Value has been normalized and
plotted with respect to the laser pulse duration.

New frequencies are generated throughout the duration of the laser pulse, which makes the
spectrum a linear function of time over the most intense portion of the pulse. The rate of change
of the instantaneous frequency, referred to as chirp, is what needs to be appropriately compensated
to temporally compress the pulse. This can be done by providing a chromatic dispersion of the
opposite sign to that accumulated during the SPM process, often done with the use of prism pairs
[119], grating compressors [120,121], and chirped mirrors [122].
Due to the spatial distribution of pulse intensity, the Kerr-nonlinearity can also induce an
intensity dependent spatial gradient to the refractive index capable of focusing the pulses. The
onset of SPM can be accompanied or preceded by self-focusing, sometimes being the mechanism
by which a high enough intensity is obtained for substantial spectral broadening through SPM.
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This nonlinear phase shift distorts the wave front, and for positively dispersing media, can lead to
catastrophic self-focusing of the pulse if the peak power is well above the critical threshold of the
medium given by:
𝛼𝜆2

𝑃cr = 8𝜋𝑛 0𝑛

( 3-9 )

0 2

The constant 𝛼 is dependent on the beam geometry, which is equal to 3.77 for a Gaussian beam
[123]. The value of the critical power ultimately depends on the nonlinear index of refraction in
the material, typically in the megawatt (MW) range for solids and gigawatt (GW) range for gases
[124]. For reference, the nonlinear refractive indices of solid and gaseous media discussed in later
chapters are shown in Table 3-1.

Table 3-1: Nonlinear Refractive Indices of Different Media
Medium

𝒏𝟐 (cm2/W)

Fused Silica

(2.19 ± 0.05)×10-16 [125]

YAG

(6.13 ± 0.07)×10-16 [125]

Argon

(9.7 ± 1.2)×10-20 [126]

Krypton

(2.2 ± 0.4)×10-19 [126]

Xenon

(5.8 ± 1.1)×10-19 [126]

3.2.2 Spectral Broadening in Solid Media
Self-phase modulation was first harnessed for pulse compression by propagating picosecond
pulses in single-mode quartz fibers [73]. This technique allowed scientists to reach the shortest
possible durations at that time due to the broad frequency spectra that could be obtained from the
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material nonlinearity, and the ease by which the linear chirp could be removed with the use of
diffraction gratings. This method was attractive, since it removed the spatial distortion present
from focusing the pulses directly onto solid bulk medium. Controlling fiber length also provided
control over the amount of nonlinearity and provided tunability over the generated bandwidth and
accumulated chirp. As laser technology continued to advance shorter fiber lengths could be used
to generate few 10s of fs pulses using this approach [75-77], but pulse energies were still limited
to the nanojoule (nJ) level.
Seeking to increase the energy obtained from these compressed pulses, scientists
demonstrated that short bulk material lengths and large incident beams were capable of producing
comparable pulse durations for much larger incident energies [127]. This was achieved by using
apertures to truncate the size of the beam exposed to the material, resulting in a uniform spatial
intensity free of the Kerr-induced spatial distortion. However, the trade-off between the minimum
pulse width and the aperture size also placed a stark limit to the efficiency of this approach. The
spatial distortion that often accompanies operating above the critical power necessary for
generating broad continuums has effectively limited the use of bulk solids as sources of SPM to
low peak powers [128,129], being seldom used by experimentalists looking to obtain increasingly
high peak powers.
Recently, a technique was developed to take advantage of the high nonlinearity present in
bulk solids, generating a coherent supercontinuum at high peak powers by strategically splitting
the nonlinear medium into multiple plates [130,131]. By limiting the thickness of the material,
enough SPM can be achieved before the onset of catastrophic self-focusing and multi-photon
excitation severely distorted the beam profile. The accumulated nonlinear phase in the plates
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causes the beam to self-focus in air, generating enough intensity to further broaden in subsequent
plates. This process also serves to restore the temporal profile via a self-healing mechanism [132]
that acts both in space and time to maintain the spatio-temporal stability of the pulse as it
propagates through the multi-plate continuum (MPC) system. Numerical studies [133] of the
propagation dynamics have identified criteria to optimize the spectral broadening and have shown
the possibility to scale the MPC system to high peak and average power light sources. Multiple
demonstrations of the MPC [134-139] have since shown its ability to generate ultrabroad
bandwidths at high pulse energies, and pulses down to few-cycle durations have been obtained
using various input wavelengths and durations. The latter plays an important role in its application
to Yb-based laser sources, and our investigation [140] into its viability are discussed in more detail
in chapter 4.

3.2.3 Spectral Broadening in Gaseous Media
With the development of Ti:Sa CPA laser systems outputting mJ-level pulses came a need to
generate broadband spectra with higher energy efficiency. In the late 1990s a revolutionary
approach to pulse compression, seeking to increase the peak power of compressed pulses using
noble gases as the broadening medium, was introduced [33,34]. In this technique, pulses were
propagated in a rigid hollow capillary filled with gas, which maintained the benefits provided by
the guided propagation of solid-core fiber broadening, and increased the peak power which could
be used due to the much higher critical power of gas media. Their high transmission efficiency,
relatively high threshold for multiphoton ionization, and almost purely third-order nonlinearity at
moderately high pressures made them a very appealing spectral broadening technique.
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Consequently, it was quickly integrated into many laboratories looking to generate high-peakpower femtosecond pulses [30,141,142].
The implementation of noble gas filled hollow-core fibers (HCF) allowed the compression
of high-energy laser pulses below 5 fs, producing multi-gigawatt peak powers for the first time
[106]. Cascaded compressions schemes were even shown to generate pulses below two optical
cycles using a spatial light modulator (SLM), providing ample control over dispersion
compensation [143,144]. However, due to its poor energy efficiency only 15% throughput was
achieved. Nevertheless, this approach could generate the broadest bandwidths in the near infrared
and visible portions of the spectrum and proved promising for experimental use such as in highharmonic generation.
At the same time, researchers identified innate limitations of the technique when it came
to its energy scalability [145]. Specifically, the laser peak power had to be smaller than the selffocusing value of the medium, placing a constraint on the type of noble gas and pressure to be
used, as well as the HCF geometry. The latter could be mitigated by increasing the core size, but
reductions in intensity required longer interaction lengths to generate few-cycle supporting
bandwidths. Secondly, the laser peak intensity also had to be smaller than the multiphoton
ionization threshold which applies for the given pulse duration. This favors short input pulse
durations, given the threshold for multiphoton ionization increases as pulse duration decreases,
and plays a crucial role in its application to Yb-based laser sources.
Efforts to further increase the input energy to several millijoules and extend the use of HCF
to the ultraviolet (UV) spectral range led to the implementation of flexible fibers [146]. Unlike
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rigid fibers where straightness and wall thickness uniformity become challenging for lengths
longer than 1-meter, flexible fibers could be made with thinner walls to arbitrary lengths and
stretched to obtain transmissions near the theoretical limit. This scheme also facilitated the
assembly of a sealed tube surrounding the fiber, capable of exposing the entrance to vacuum and
forming a pressure gradient in the gas medium. By reducing the nonlinearity present at the entrance
of the fiber multi-mJ pulse energies could be used without the onset of ionization, and by extending
the propagation length few-cycle supporting bandwidths could still be obtained [147].
Other spectral broadening techniques utilizing gases as the broadening medium, such as
filamentation [124,148] and multi-pass cells [149,150] have also seen wide application due to their
respective advantages. In the former, broad spectral bandwidths are achieved by creating filaments
in the gas, which are obtained by balancing sequential focusing and defocusing of the laser beam
in the medium. These are caused by the interplay between the spatial Kerr-nonlinearity (creating
a positive lens) and ionization in the medium (creating a negative lens), making it quite sensitive
to gas pressure. Filamentation can thus result in poor spatial profiles but offers much higher
throughput when compared to HCF compressors [151]. The latter employs various sequential foci
in a regime where filamentation is avoided, and instead the beam is allowed to grow in size and
refocus in a different location. Focusing schemes utilizing folded beam paths [149] or Harriot-cell
geometries [150] have proven to be an effective method for efficiently compressing high-energy
pulses at high average powers, significantly reducing the space required to do so in comparison to
HCF. However, beam alignment complexities, as well as the high pressures required within the
gas containing cavity, pose technological challenges for their implementation.
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Although the innate coupling losses and high dependence on alignment may require
frequent optimization, flexible HCF offer a relatively simple approach to generating few-cycle
pulses at high laser peak powers [35,152-156]. Yet, when working with relatively lower peak
powers, they may not provide a high enough nonlinearity to generate broad spectral bandwidths
without increasing their length and raising the pressure significantly. Specifically, for sources
generating longer pulse durations this requires the use of multiple compression steps [157,158],
extended propagation lengths [159], or the use of heavier atomic gases [160-162]. Nonetheless,
HCF provide ample control over the strength of the nonlinearity, making it an adequate broadening
technique with innate tunability of the spectral bandwidth. Our approaches [163,164] to
overcoming these challenges for compression of Yb-based sources are explored in detail in
chapters 5 and 6.

3.3 Dispersion Compensation
The shortest possible durations which can be obtained for any given bandwidth are
achieved through the compensation of chromatic dispersion (GDD and higher-order terms)
introduced during the spectral broadening process. This was first demonstrated with the use of a
grating pair [119], where the introduction of negative GDD was achieved through carefully
controlled diffraction. Improvements to the efficiency were made with the use of Brewster angled
prism pairs [120,121], which became commonly used elements to control the dispersion inside
laser resonator cavities. However, their intrinsic introduction of higher-order dispersion and
bandwidth restrictions prevented their use for ultrabroadband sources. This was overcome with the
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invention of multilayered dispersive mirrors [122], referred to as chirped mirrors (CM), which
could introduce negative GDD over much broader spectral bandwidths.

Figure 3-2: Principle Behind Chirped Mirror Technology
Longer wavelengths penetrate deeper into the multilayered structure, resulting in an anomalous
dispersion imparting negative GDD per bounce. Figure adapted from [143].

Chirped mirrors are comprised of multiple layers of a dielectric coatings, whose varying
thickness effectively results in a wavelength dependent penetration depth when light reflects off
of them. As the desired result is the introduction of negative GDD, the mirrors are designed such
that longer wavelengths penetrate deeper (Fig 3-2) and experience a longer path length than shorter
wavelengths per bounce. Due to continued advances [165] to their design over the years, CM now
provide fine tuning of the GDD, as well as some control over third- and higher-order dispersions
across several spectral regions. With the introduction of complementary chirped mirror pair
technology [166,167], which reduce residual dispersion ripples introduced by the multilayered
reflections, higher quality compression can be achieve across ultrabroad spectral bandwidths.
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Their high-reflectivity and ease of implementation has thus made them the most prominent
dispersion compensation technology used to generate high-energy ultrashort pulses.
Throughout this dissertation, compression is performed with the use two different sets of
ultrabroad band chirped mirrors based on single and matched pair design. For the single bounce
design, a certain amount of negative GDD is imparted on the pulse with each bounce, while the
matched pair design requires one bounce from each complementary pair to impart an effective
amount of negative GDD. Figure 3-3 shows the amount of negative GDD imparted per
bounce/bounce pair when using the single and complementary mirror designs, respectively. In
order to properly impart this near constant negative GDD, the pulses must reflect off the CM
through a 5° angle of incidence. Due to the limited number of CM which were available throughout
the course of this research, configurations employing double/multiple bounces per mirror were
necessary under certain circumstance to achieve optimal dispersion compensation and is indicated
in the text whenever utilized
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Figure 3-3: GDD of CM Technology Utilized
The GDD of the two different CM sets used to compensate dispersion. The top panel shows the
GDD per bounce for the single pair set (PC 1611), while the bottom panel shows the GDD per
complementary bounce pair (PC 1632).

Since the use of CM serves to impart only negative GDD in a stepwise manner through
each bounce, compression to durations near the FTL duration also requires fine tuning of the
dispersion through the insertion of small amounts of positive GDD. This is typically achieved
with the use of fused silica (FS) or calcium fluoride (CaF2) windows. For very few-cycle pulses,
the use of even finer tuning through the use of wedged optics is particularly important for
achieving the shortest durations, as well as controlling the CEP. As these materials also impart
third- and higher-order dispersion, it has been shown [155] how a balance maintained over the
material GDD and TOD can further reduce the pulse duration to values closer to the FTL
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duration. However, this is highly dependent on the bandwidth covered by the ultrashort pulse
spectrum and obtaining fine control over GDD and TOD across broad bandwidths centered
around 1 micron (Fig 3-4) proves challenging due to many transparent materials having their
zero-dispersion wavelength in this region.

Figure 3-4: GVD and TOD of Various Transparent Media
Second and third order dispersion of various media across the near infrared spectral region
calculated using the Sell-Meyer equations found at [168].

3.4 Temporal Characterization
Accurate description of the temporal profile of ultrashort pulses is paramount to their application,
as knowing the FWHM duration is necessary to estimate their intensity. Furthermore, knowing the
shape of the pulse, and whether or not the presence of satellite pulses exists, is needed to assess
the efficiency of the compression, as well as to understand how much energy is contained within
the most intense portion of the ultrashort pulse envelope. The most basic technique to calculate
pulse duration is the intensity autocorrelation technique [169], where the pulse is auto-correlated
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with a replica of itself. This has been typically performed with the use of a nonlinear crystal to
generate second harmonic, whose intensity is tracked as a function of the temporal overlap between
the two pulses. From this autocorrelation width, the pulse duration can be extracted. Though this
technique provides the value of the pulse duration, it does not characterize the true shape of the
electric field, nor provides any information about the phase of the ultrashort pulse. Over the years,
a large number of new metrological approaches been developed [170]. Techniques such as spectral
phase interferometry for direct electric-field reconstruction (SPIDER) [171] and attosecond
streaking [172] have been utilized to fully characterize the electric field, intrinsically providing
total phase information, but require complex experimental configurations. More commonly used
techniques like frequency resolved optical gating (FROG) [173] and dispersion scanning (D-scan)
[174] are widely implemented to extract the spectral phase of ultrashort pulses. Although they do
not directly measure the electric field, their reliability and versatility has made them extremely
valuable and easy to implement across various ultrafast laser laboratories.
All temporal characterizations performed throughout this dissertation were done with the
use of a home-built FROG device. In this technique [175], similar to auto-correlation, the ultrashort
pulse gates itself but the intensity of the nonlinear signal is collected as a function of frequency.
That is, the nonlinear signal is frequency resolved, either through the use of a spectrometer or a
prism plus a camera. We can express this spectrogram as:
2

∞

𝐼FROG (𝜔, 𝜏) = |𝐄sig (𝜔, 𝜏)| = |∫−∞ 𝐄sig (𝑡, 𝜏) 𝑒 −𝑖𝜔𝑡 𝑑𝑡|

2

( 3-10 )

Here, 𝜏 represents the time delay between the two pulse replicas. There are multiple variations to
FROG which utilize different nonlinear phenomena to create the gated signal, but the most
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commonly utilized version is based on SHG. For SHG FROG, the signal is equivalent to the
product of the pulse and the time delayed replica: Esig (𝑡, 𝜏) = E(𝑡)E(𝑡 − 𝜏). The signal is typically
collected using a noncolinear geometry in order to isolate the second-harmonic signal
corresponding to the pulse overlap from the SHG created by each individual pulse replica. The
type of SHG FROG utilized throughout this dissertation also implements a single-shot
configuration [176], which allows the measurement to be taken without the need to scan a delay
stage. The characteristics and calibration of this setup are described in detail in Appendix B.
In order to obtain the intensity and phase of the pulse from the measured spectrogram, one
must employ a retrieval algorithm. A general schematic of the iterative phase retrieval process is
shown in Figure 3-5. At its core, the algorithm begins by guessing the shape of the pulse, which
can be chosen to have a general Gaussian shape or be comprised of pure noise. It then performs a
FT and calculates the signal which would be produced by such a pulse. Next, a constraint is
applied, by replacing the intensity of the calculated FROG spectrogram with the experimentally
measured one. The modified signal is then extracted and converted back to the time domain
through the IFT. The resultant electric field is then used to run the next iteration. Ideally, each
iteration produces a better guess, with each iteration getting closer to a true representation of the
complex electric field. Throughout this dissertation, the principle component generalized
projections algorithm (PCPGA) is utilized [177], which converts the commonly used generalized
projections algorithm to an eigenvector problem and can converge in a matter of seconds.
The validity of the retrieved FROG signal can be quantified by how much it resembles the
experimentally measured spectrogram through a calculated FROG error. Similarly, agreement
between the retrieved and experimentally measured spectrum is also important for gauging the
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validity of the results. A lack of agreement can be due to instabilities in the pulse train or
suboptimal phase matching of certain frequency components during the nonlinear signal
generation. It is thus necessary to reduce the thickness of the nonlinear medium (typically BBO
for SHG FROG) to prevent significant group velocity mismatch. By using a thin crystal, the singleshot SHG FROG device allows the characterization of many- to few-cycle pulses with little change
to the experimental setup, making it a valuable tool for the characterization of this tunable source.

Figure 3-5: General Schematic of the FROG Retrieval Algorithm
An iterative approach is taken to reproduce the FROG spectrogram through experimentally
obtained and mathematically defined constraints. Figure adapted from [175].
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CHAPTER 4: NONLINEAR COMPRESSION IN MULTI-PLATE MEDIUM

This chapter contains content reproduced from [140] with the permission of AIP Publishing
Although broad supercontinuum generation (SCG) spanning multiple octaves has been realized in
bulk solids, it has largely been limited to low input peak powers (few MW) [128] due to the pulse
breakup that occurs when operating well above the critical power for self-focusing. Recently the
MPC technique has been shown to overcome this limitation, producing supercontinuum spectra
and few-cycle pulses with multi-GW peak power and without temporal and spatial decoherence of
the generated spectrum [130,131]. By splitting the nonlinear medium into multiple thin plates,
spatiotemporal distortions are mitigated by a “self-healing” process at the gas-solid interfaces.
MPC requires the accumulation of sufficient nonlinear phase in each plate to re-focus the beam
between plates, but not so much that significant self-focusing and the associated spatial distortion
degrades the laser beam profile. The MPC technique has enabled energy scaling of pulse
compression in bulk media to Ti:Sapphire amplifiers producing millijoule-level, 30 fs pulses, with
extremely low losses [131]. However, it is unclear whether the technique can be used to compress
longer input pulses, for which supercontinuum generation in bulk media is usually accompanied
by significant nonlinear beam distortion due to self-focusing [129].
Under such conditions, on-axis supercontinuum spectra are accompanied by narrowbandwidth off-axis components, and pulse compression can be achieved for only a very small
fraction of the input pulse energy. The compression factors and efficiency which can be obtained
by optimizing the balance between spectral broadening and spatial distortion in the multi-plate
medium will ultimately determine its applicability to a broader range of Yb-based laser systems,
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including fiber, thin disk, and slab geometries [111-113]. In this work, we investigate the potential
of the multi-plate medium to efficiently generate broad supercontinuum and few-cycle pulses from
a relatively high peak and average power Yb solid state laser source.

4.1 Experimental Setup of MPC
The experiments were performed by focusing the output from the laser through a set of thin fused
silica (FS) plates with individual thicknesses of 1-2 mm. The spatial distribution of power and
spectrum generated after the MPC system was compared for different MPC geometries, allowing
us to investigate and minimize the spatial distortions associated with self-focusing. After a multiplate medium consisting of 6 mm of FS in total, the pulses were compressed to 50 fs with the use
of ultra-broadband chirped mirrors (Ultrafast Innovations PC1611, 850 nm - 1200 nm) providing
a GDD of approximately -150 fs2 per bounce, and characterized by a home-built Second Harmonic
Generation Frequency Resolved Optical Gating (SHG FROG) device in a single-shot geometry.
The shortened pulses were then sent through a second stage of MPC also containing 6 mm FS, to
generate a coherent supercontinuum spectrum supporting 15 fs pulses, comparable to previous
SCG of a Yb:YAG laser in bulk FS at more than 100 times lower pulse energies [129]. These
pulses were compressed by a second set of chirped mirrors to a final duration of 18 fs, with a pulse
energy of 40 µJ. A diagram of the setup is shown in Fig 4-1.
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Figure 4-1: Diagram of MPC Setup
Laser pulses are guided through two stages of spectral broadening and temporal compression.
Diagnostics include pulse profile optimization as well as measurements of the energy throughput
and generated spectrum. After compression the pulses characterized using an SHG FROG
device. FM: focusing mirror. CM: chirped mirror. FS: fused silica plate. DC: Dispersion
Control Optics.

4.2 First Stage
The thickness of the individual plates and the incident laser intensity at the air-solid interfaces
directly determine the amount of nonlinear phase accumulated as the pulses travel through the
multi-plate medium [133]. The positions of the plates along the beam's path must thus be chosen
to optimize the spectral broadening while minimizing any spatial distortion, resulting from the
self-phase modulation and self-focusing, respectively. With our long pulses (comparatively low
peak power to previous demonstrations of MPC), we find that thicker plates are required to produce
well-spaced secondary foci, which are necessary to obtain further spectral broadening in
subsequent plates. However, the use of thicker plates also increases the risk of catastrophic selffocusing and nonlinear beam distortion. In order to determine the effects of using thicker plates,
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we scanned a single 2 mm FS plate (at Brewster's angle) relative to the focus of a (f = 500 mm)
curved mirror (NA ≈ 0.003). We observed the spatial dependence of the supercontinuum spectrum
and intensity profile in the far-field by scanning a small aperture across the beam profile and
measuring the transmitted spectrum and power. While placing the plate too close to the focus led
to significant spatial distortion, we found that placing the plate ~1 Rayleigh length away from the
focus resulted in moderate spectral broadening with a uniform distribution of spectrum and power,
demonstrating a good balance between spectral broadening and spatial distortion.
This approach was taken to optimize the positions of subsequent plates along the beam's
path, where a total of 6 mm (three 2 mm plates) of FS was used to generate the broadest spectrum
while minimizing the spatial losses. However, we still observed significant spatial distortion,
resulting in a narrow-bandwidth (1015-1030 nm) off-axis component in the far-field, which carried
a substantial portion (>30%) of the energy. This off-axis component is clearly visible as a peak
near 1025 nm in the spatially-resolved spectrum in panel (a) of Fig. 4-2 and by comparing the onand off-axis spectra shown in panel (b). To further minimize the distortion, we set up a second
multi-plate medium of 6 mm total where the last 4 mm were comprised of thinner (1 mm) plates.
The plates in this setup were optimized to provide equivalent spectral broadening to the thicker
plate setup. The thicknesses and positions of the plates, relative to the measured focal plane in air,
are given in Table 4-1. The spatially-resolved spectrum and power distribution for the five-plate
setup, shown in Fig. 4-2 shows that less energy is carried by the off-axis component of the
spectrum when the thinner plates are used, with the power contained within the narrow-bandwidth
off-axis peak decreasing to <20% of the total pulse energy.
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Figure 4-2: Radial Characterization for Three and Five Plate MPC Systems
(a) Spatially-resolved spectrum and power measurements obtained for the three (three 2 mm)
and five (one 2 mm + four 1 mm) plate setups. (b) Spectrum obtained on-axis (black) and 2 mm
off-axis (red) for the three and five plate setups. Energy carried by narrow-bandwidth off-axis
component is reduced when using thinner plates.

Table 4-1: Geometry of the Two Multi-Plate Continuum Stages
Stage 1

Stage 2

Plate
Thickness
(mm)

Distance
from Focus
(mm)

Plate
Thickness
(mm)

Distance
from Focus
(mm)

Plate 1

2

43

2

-60

Plate 2

1

138

1

30

Plate 3

1

213

1

120

Plate 4

1

293

1

160

Plate 5

1

388

1

190
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The broadened pulses were then collimated with a (f = 1000 mm) curved mirror and sent
to a set of chirped mirrors for compression. An iris was used to select a portion of the central lobe
of the beam profile with ~25% of the total pulse energy, limiting the beam size to allow six bounces
on each 1”-diameter chirped mirror without significant clipping. Characterization of the pulses
was performed using SHG FROG. The compressed pulses were obtained after 24 total bounces on
the chirped mirrors, amounting to a total GDD of approximately -3600 fs2, in good agreement with
measurements of the uncompressed pulses before the chirped mirror compressor. The
experimental and reconstructed traces of the compressed pulses can be seen in Fig. 4-3, along with
the retrieved spectrum and temporal profile of the compressed pulse showing a duration (FWHM)
of 50 fs (42 fs Fourier transform-limited pulse duration). The throughput of the chirped mirror
compressor was ~80%, yielding a pulse energy of 80 µJ after the first compression stage. The
measured spectrum shown in panel (c) of Figure 4-3 is the spatially-integrated spectrum after
passing the chirped mirror compressor, and therefore retains a portion of the narrow-bandwidth
off-axis component shown in the spatially-resolved spectra of Fig. 4-2.
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Figure 4-3: Temporal Characterization of Pulses Obtained After 1st Stage of Compression
(a) Experimental SHG FROG trace. (b) Reconstructed SHG FROG trace (FROG error = 0.6%).
(c) Measured spectrum (black) and retrieved spectrum (red) and phase (blue). (d) Retrieved
shape of unbroadened pulse (red) and compressed pulse (black). Compressed pulse shows
duration (FWHM) of 50 fs.
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4.3 Second Stage
After compression in the first stage, the pulses were passed through a second stage of five FS plates
(total thickness of 6 mm) and chirped mirrors. The thicknesses of plates, and their positions relative
to the measured focal plane of the (f = 500 mm) focusing mirror, are given in Table 4-1. The
generated supercontinuum was collected with the use of two spectrometers (Ocean Optics
HR2000+ES UV-VIS and Flame-NIR). The stitched spectrum was obtained by normalizing counts
over a shared region of the spectrum, and is described in more detail in Appendix C. The spatiallyintegrated spectrum collected after the second stage is shown in Figure 4-4 along with the laser
and single-stage spectra. The Fourier transform-limited pulse duration after the second stage was
lowered to 15 fs.

Figure 4-4: Broadened Spectrum Generated After Each MPC Stage
Spectra obtained after the first and second stage of the MPC along with the input laser spectrum.
The FTL supported is decreased by a factor of nearly 20, from 280 fs to 15 fs, after the second
stage.
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Following an additional 5 bounces on the chirped mirrors (also Ultrafast Innovations PC1611) and
8 mm of fused silica for dispersion compensation, a pulse duration of 18 fs (~5 cycles) was
obtained from the SHG FROG measurements, as shown in Fig. 4-5, with a pulse energy of 40 µJ
after the chirped mirrors.

Figure 4-5: Temporal Characterization of Pulses Obtained After 2nd Stage of Compression
(a) Experimental SHG FROG trace. (b) Reconstructed SHG FROG trace (FROG error = 1%).
(c) Measured spectrum (black) and retrieved spectrum (red) and phase (blue). (d) Retrieved
shape of compressed pulse. Compressed pulse shows duration (FWHM) of 18 fs.
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We note that the overall energy throughput after the second stage was limited to
approximately 10% of the input pulse energy, primarily due to the need to fit a large number of
bounces on the chirped mirrors in both compression stages. In the first stage, an iris placed before
the chirped mirrors passed only 25% of the pulse energy, while the chirped mirror compressor
itself had a throughput of ~80%. As the second stage required fewer bounces on the chirped
mirrors, the losses due to the iris (~60% throughput) and chirped mirror compressor (>90%) were
more limited. The energy efficiency of the setup could therefore be significantly improved by
using a set of relatively narrow-bandwidth chirped mirrors with large negative GDD in the first
compression stage, which would require fewer bounces and a less restrictive geometry than the
one we have used here. Additionally, we note that the effects of nonlinear beam distortion can still
be seen contributing to the generated supercontinuum as a narrow-bandwidth peak near 1025 nm
in the spatially-integrated spectra of Fig. 4-3. This narrow-bandwidth peak would likely contribute
a relatively long pedestal in the time-domain pulse, thus limiting the achievable peak power in the
compressed pulse. The persistence of this peak suggests that further improvement could be made
by constructing the multi-plate medium from thinner plates, to further mitigate the beam distortion
associated with self-focusing. Nonetheless, the presented experiments demonstrate the possibility
to obtain few-cycle pulses from Yb-based laser systems with the use of a multi-plate medium, at
relatively high peak powers and higher average powers than have been previously reported.
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CHAPTER 5: NONLINEAR COMPRESSION
IN ATOMIC GAS FILLED HCF

This chapter contains content reproduced from [163] with the permission of OSA Publishing.

To optimize the nonlinear propagation of the pulses inside noble gas filled HCF compressors, the
fiber dimensions, as well as gas species and pressure, must be judiciously chosen. Gases such as
neon and argon are routinely used to compress mJ-level pulses from Ti:Sa laser systems, where
the generation of the shortest pulses, and broadest supercontinuum spectra, has been traditionally
accomplished by driving the SPM process using input pulses few 10s of fs in duration [152-156].
Shorter driving pulses allow exposure of the neutral gas atoms to higher laser intensities, or,
alternatively, the use of heavier gases with larger 𝑛2 , both resulting in larger nonlinear phase shifts
∆𝜙NL (𝑡) ∝ 𝑛2 𝐼(𝑡). To this end, substantial effort has been invested into the development of fewcycle laser amplifiers [31,32] to mitigate the effects of ionization and plasma generation on the
efficiency and compressibility of broad supercontinuum spectra.
However, due to the longer input durations of Yb-doped systems, compression to fewcycle durations has required the use of multiple compression stages, significantly longer
interaction lengths, or the use of heavy atomic gases like krypton and xenon [157-162]. It is thus
important to understand how the advantages and restrictions associated with these approaches
compare for the laser parameter space available. In the case of our 400 µJ, 280 fs pulses, we
investigate the degree of spectral broadening that can be obtained using different noble gas species
with increasing nonlinearities. We also perform measurements using different fiber geometries,
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where the effects of the fiber length and core diameter on the energy throughput and size of the
supercontinuum spectra are evaluated.

5.1 Experimental Setup of HCF
The following describes the general experimental setup of the HCF compression scheme. The
experiments performed to evaluate the degree of spectral broadening, energy throughput, and
power scalability for the various gas species and fiber geometries used are described in their own
subsections. As shown in Fig 5-1, pulses from the laser amplifier are focused onto the entrance of
the fiber with a plano–convex lens after passing through a 2 mm anti-reflection (AR) coated fusedsilica (FS) window. This window encloses a tubing section that is connected to the entrance (and
exit) of the fiber mount and serves to both evacuate the HCF and fill it with the desired gas. The
setup is built to allow filling and evacuation of the fiber from both entrance and exit sides, enabling
the operation of a pressure gradient if desired. The exact position of the lens is optimized relative
to the entrance with the use of a translational stage to optimize the coupling efficiency into the
fiber. After passing through the exit window of the HCF system (also 2 mm thick AR coated FS),
the broadened pulses were collimated using a second plano-convex lens and sent to a spectrometer
and power meter for characterization. For compression experiments, the pulses were sent to set of
chirped mirrors and temporally characterized using an SHG FROG device.
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Figure 5-1: Diagram of HCF Setup
Pulses are focused onto the entrance of the HCF and are collimated after propagation. Gas
entry and evacuation is controlled for either static or pressure differential measurements.
Diagnostics include pulse profile optimization as well as measurements of the energy throughput
and generated spectrum. Pulses are then sent to a set of chirped mirrors for compression and to
the SHG FROG for temporal characterization. FL: Focusing Lens. CM: Chirped Mirror. DC:
Dispersion Control Optics.
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5.2 One-Meter-Long Fiber
5.2.1 Comparing Noble Gas Species
The first experiments were performed using a 1.4 m long HCF (Few-cycle Inc.), with an innercore diameter of 400 µm. This fiber geometry was chosen to obtain optimal balance between
energy throughput and spectral bandwidth given the limited laboratory space at this time. Owing
to the comparably lower intensities we could reach with our laser parameters we chose to begin
our investigations with krypton gas. Krypton has a nonlinear refractive index 2.3 time larger than
argon, the next lightest noble gas, and should thus reduce the input intensity necessary to generate
broad supercontinuum spectra. The spectra we collected after propagation through the HCF at
various gas pressures is shown in Fig 5-2.

Figure 5-2: Spectral Broadening in Kr-filled HCF
Pressure dependent spectrum obtained after propagation in Kr-filled HCF.
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These spectra were collected with a single spectrometer (HR ES 2000+) and are unable to
adequately represent the spectral intensity of the red-shifted portion of the spectral bandwidth.
However, owing to the signature symmetric spectral broadening present in SPM, we can see how
the blue-shifted portion of the spectrum shifts with increasing pressure and qualitatively evaluate
the size of the supercontinuum generated. At the highest gas pressure originally explored (3.8 bar)
the transform limited duration of the generated spectrum was approximately 20 fs, corresponding
to just under 6 optical cycles. Although this would support a significant reduction of the pulse
duration (a compression factor of 14), the necessity to operate at upwards of 4 to 5 bar to reach
durations close to two optical cycles made the use of krypton less attractive. Since our pulse
parameters and fiber geometry were fixed, we could not increase the intensity or the propagation
length of our experiment. In order to increase the degree of nonlinear phase-shift accumulated, and
thus the size of the supercontinuum spectrum, we had to increase the nonlinearity of the medium.
The next species in the noble gas series is xenon, with a nonlinear refractive index 2.6 times
larger than krypton. Though it is significantly more expensive due to its scarcity and collection
cost, the potential to generate comparable, if not broader, bandwidths than krypton at lower
pressures suggested its implementation to be promising. Before purchasing a bottle of Xe we
wanted to gauge the pressures necessary to generate comparable spectra to those obtained using
Kr filled HCF. We performed preliminary measurements using a borrowed supply of Xe, and
found we could obtain broader spectra with nearly half the pressure (2.3 bar) required using Kr.
Figure 5-3 shows the spectra collected after propagation in Xe and Kr filled HCF, along with the
second stage of the MPC. The transform limited duration obtained from propagating in Xe was
equivalent to what we obtained after the two stage MPC scheme, signifying we could reliably
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compress these pulses to below 20 fs. We thus identified Xe to be the necessary broadening
medium to generate few-cycle durations for our laser parameter space and current fiber geometry.

Figure 5-3: Spectral Bandwidth Comparison – Kr Vs Xe
Comparison of broadest spectral bandwidths obtained after propagation in krypton and xenon
filled HCF. Spectrum obtained after second stage of MPC included for reference.
5.2.2 Throughput and Bandwidth Optimization
The efficient operation of HCF compressors relies heavily on achieving good input coupling of
the incoming laser pulses and maintaining a well guided propagation inside the fiber. With the use
of sturdy and reliable guiding optics, day-to-day optimization of the spectrum and energy
throughput should require minimal upkeep. Similarly, optimization of the HCF entrance and exit
tip orientation, as well as the rigidity of the stretched capillary play an important role in coinciding
the laser beam with the small inner core of the HCF. Due to the nonlinear nature of the spectral
broadening process, this is highly influential to the size and stability of the SPM broadened
spectrum. Upon obtaining a larger supply of Xe gas, optimization of the HCF system resulted in
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the generation of a larger supercontinuum spectrum at even lower gas pressures. The spectra
obtained after propagation at various gas pressures are shown in Fig 5-4. All broadened spectra
were collected with the use of an Ocean Optics HR 2000 + ES UV-VIS spectrometer, while the
broadest spectrum at 1.8 bar was also collected with the use of an Ocean Optics Flame-NIR
spectrometer to capture the full extent of the spectral bandwidth.

Figure 5-4: Optimized Supercontinuum Generated in Xenon
Spectra collected at various pressures using the HR2000 + ES (HR) and Flame-NIR (FL)
spectrometers.
Though we observe slightly asymmetric broadening favoring the short wavelength side of the
spectrum, likely due to self-steepening, the throughput transmission after the HCF system is 70%,
and the Fourier transform limited (FTL) pulse duration is decreased to 13 fs. Above this pressure,
the onset of ionization and high-order nonlinearities result in transmission losses, a significant
blueshift of the spectrum, and an inhomogeneous spatial profile. These phenomena inherently
prevent further expansion of the spectral bandwidth since they deteriorate the energy throughput
and complicate the resultant spectral phase.
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For compression, the central portion of the broadened pulses was selected with an iris to
allow a double-pass geometry over four chirped mirrors for a total of eight bounces. After passing
through an additional 16 mm of CaF2 for dispersion compensation, a pulse duration of 15 fs (<5
cycles) was obtained from the SHG FROG measurements, as shown in Fig. 5-5. Good agreement
is found between experimental and reconstructed FROG traces (panels a and b) and spectra (panel
c), retrieving a flat phase over the middle portion of the spectrum. Higher order dispersion
introduced by the glass and nonlinear propagation in the HCF is responsible for the remaining
chirp on the wings of the spectrum. Because of the limitations imposed by the chirp mirror
compressor geometry, the highest compressed pulse energy achieved was 200 μJ, for a total
throughput of 50%. Nevertheless, these pulses are more than adequate for HHG, and their
implementation to generate an XUV high-harmonic spectrum is further discussed in chapter 7.
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Figure 5-5: Temporal Characterization of Pulses After 1-meter Xe-filled HCF Compressor
(a) Experimental SHG FROG trace. (b) Reconstructed SHG FROG trace (FROG error
0.6%). (c) Measured spectrum (black) and retrieved spectrum (red) and phase (blue). (d)
Retrieved shape of unbroadened pulse (red) and compressed pulse (black). The
compressed pulse shows the duration (FWHM) of 15 fs.
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5.3 Three-Meter-Long Fiber
Following these experiments, expansion of available table space within our laboratory
made it possible to increase the length of our HCF setup. Since the amount of nonlinear phase shift
accumulated during SPM is proportional to the propagation length, increasing the length of the
fiber should facilitate the generation of broad supercontinuum spectra. In principle, a reduction in
the pulse intensity or medium nonlinearity can be offset by an increase in the nonlinear propagation
length, producing the same, if not larger, spectral bandwidth. With the available space, we could
fit a 3.5 m long HCF, an increment of 2.5 times our previous fiber length. To balance the
throughput losses associated with an increase in propagation length, the core diameter was
increased to 500 µm.
Assuming an optimal coupling, a 1.25 times larger inner core roughly corresponds to a
decrease in the input intensity to about 65 percent its initial value. Due to the relatively low
pressures needed to generate bandwidths in xenon, this resulted in an acceptable compromise.
However, the new fiber geometry and corresponding pulse intensity produced almost identical
spectral bandwidths with increasing pressure. Spectra obtained after propagating through
approximately 1.7 bar of Xe in each fiber are shown in Fig 5-6. Although the larger core size
increased our energy throughput to upwards of 75 percent, the size of the spectral bandwidth we
could generate in Xe was still clamped by the onset of ionization and other undesirable nonlinear
processes even at this pressure. This signified the presence of a fundamental limitation on the
shortest pulses we could generate within our laser parameter space using a Xe-filled HCF,
suggesting the need to implement a second stage of compression in order to reach durations near
a single optical cycle.
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Figure 5-6: Spectral Bandwidth Comparison – Short Vs Long HCF
Broadest well-behaved spectra generated after propagating in approximately 1.7 bar Xe-filled
HCF. The inner core sizes of the short (1.4 m) and long (3.5 m) fiber are 400 and 500
micrometers, respectively.
5.3.1 Scaling Average Power
Although the spectral bandwidth generated from propagating in Xe at this pressure is reliable both
in its span and energy throughput, the large level of nonlinearity employed in this process can
make it susceptible to change under altered conditions. As mentioned previously, increasing the
pressure above the near 1.7 bar for which we observe well-behaved SCG in Xe results in the
generation of undesirable spectral components separate from the fundamental spectrum. At this
pressure, the features are orders of magnitude weaker than the fundamental spectrum and don’t
significantly impact the compressibility or energy throughput of the pulses, so it is routine to
operate right at the cusp of their onset. However, as we seek to increase the average power in the
beam, it is important to take into consideration how the presence of ionization and other undesired
nonlinearities will impact the HCF transmission during the supercontinuum generation process.
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While the gas pressure largely controls the onset of this behavior, deviations from optimal
alignment can further amplify the impact these effects have on the spectrum and energy throughput
as the input average power increases. Figure 5-9 shows the HCF transmission and the spectra
obtained at various average powers for optimal and suboptimal alignment conditions near 1.7 bar
of Xe. When the HCF alignment is suboptimal, there is minimal change to the energy transmission
and generated spectrum at low input powers. However, as the average power is increased further
the energy transmission drops and the spectrum begins to narrow. Moreover, separate spectral
features not seen at lower powers also begin to appear and distort the fundamental spectrum. The
exact source of these features is not yet known but are likely a result of absorption and emission
from ionized Xe and highly excited Rydberg states of the neutral.
However, as the HCF alignment is further optimized, similar spectral broadening can be
obtained at slightly lower pressures for which the bandwidth is largely insensitive to the input
average power. Further increases in pressure once again introduce these separate features to the
fundamental spectrum but to a significantly lesser extent. As a result, the average power can also
be fully increased with minimal changes to the broadened spectral bandwidth and energy
transmission. Although minimal day-to-day optimization is required to operate the HCF at
moderately high average powers (few Watt) with little to no impact, special considerations are
necessary to efficiently make use of higher average powers (several Watt).
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Figure 5-7: Average Power Dependent Broadening in Xe-filled HCF
(a) Spectra and (b) energy throughput obtained from propagating in HCF filled with of Xe at
various average powers for optimal and suboptimal fiber alignments.
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5.3.2 Two-Stage Compression Using MPC
Due to the improved transmission of the larger core fiber (>75%), and a near 20x reduction in the
pulse duration (~15 fs), the peak power of the 5-cycle pulses obtained after the HCF compressor
increased by more than an order of magnitude. In contrast to the previous implementations of the
MPC setup discussed in chapter 4, pulses entering an MPC stage following the HCF compressor
are significantly shorter in duration and can reach higher peak intensities with relatively loose
focusing. These conditions are ideal for efficient SCG using the MPC scheme, as maintaining an
efficient generation of supercontinuum within the central portion of the beam and reducing the
amount of off-axis emission generated can be more easily regulated. Figure 5-7 shows a diagram
of the two-stage compression setup, where the 1st stage is comprised of the HCF compressor
discussed in the previous sections, and the 2nd stage employs an MPC scheme where FS or YAG
were used as the broadening medium.
For these experiments, optimal spectral broadening was found when using a f = 500 mm
spherical mirror, for which the peak intensity was calculated to be 20 TW/cm2 at the geometric
focus. Since the nonlinear refractive index of YAG is approximately 2.8 times larger than FS
(Table 3-1), the relationship between medium thickness and nonlinear phase accumulation could
be investigated through the use of different plate thicknesses for the two configurations.
Accordingly, the FS and YAG based MPC schemes made use of 0.25 mm and 0.1 mm plates,
respectively. In both scenarios, the positions and number of plates were optimized to provide the
largest amount of spectral broadening possible while maintaining a reasonably high energy
throughput and spatial profile homogeneity.
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Figure 5-8: Diagram of HCF + MPC Setup
Following the HCF compressor, pulses are further broadened in an MPC stage containing thin
FS or YAG plates. FL: Focusing Lens. FM: Focusing Mirror. CM: Chirped Mirror. DC:
Dispersion Control Optics.

In the case of FS, an optimal configuration was found when placing one plate before the
focus and one plate after the focus. The plates were placed at Brewster’s angle approximately one
third and one full Rayleigh lengths away from the geometric focus, respectively. In the case of
YAG, though the plates were thinner, they needed to be placed further away from the geometric
focus to avoid significant distortions to the spatial profile. Although the exact plate positions were
not recorded for the YAG configuration, three plates total were used, with two being placed before
the geometric focus and one after it also at Brewster’s angle. The spectra obtained for the optimized
FS and YAG configurations are shown in panel (a) of Figure 5-8.
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While the implementation of thinner solid media with higher nonlinear refractive index
resulted in the accumulation of larger nonlinear phase shifts for less intensity, the configuration
was also more sensitive to the onset of multi-filamentation. Optimization of the FS based scheme
was more reproducible than the YAG based scheme, resulting in stable supercontinuum spectra
maintaining a high-quality spatial profile (Fig 5-8 panel b). Although broader blue-shifted spectra
could be obtained using the YAG based scheme while maintaining a decent spatial profile, the
generation of visible light (Fig 5-8 panel c) not contributing to the fundamental spectrum also
resulted in throughput losses. Pulses following both of these configurations were then compressed
using two different types of chirped mirrors (PC1611 and PC1632) and sent to the SHG FROG
device for temporal characterization.
Panels (d-f) and (g-i) of Fig 5-8 summarize the FROG results for the FS and YAG
configurations, respectively. For the FS based MPC, the best dispersion compensation was
obtained using a single (PC1611) chirped mirror bounce (-150 fs2 at 1030 nm) and 2 mm of CaF2,
while for the YAG based MPC, optimal compensation was found using 3 complementary
(PC1632) bounce pairs (-270 fs2 at 1030 nm) and 3 mm of CaF2. Both configurations resulted in
pulses with durations below three optical cycles, with the retrieved FWHM durations for the FS
and YAG configurations being 8.6 fs and 6.7 fs, respectively. Though shorter pulses could be
obtained from the YAG based MPC, losses in the broadening step and a larger number of CM
bounces resulted in a 46% percent throughput while the FS based scheme could achieve a 60%
throughput. Furthermore, uncompensated higher-order dispersion present in the pulses obtained
from the YAG based scheme results in a lower contrast to the intensity profile, which can
complicate their implementation to strong-field applications. Nevertheless, these results
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demonstrate the ability to obtain few-cycle pulses potentially suitable for attosecond pulse
generation in a relatively compact two-stage setup employing an HCF compressor and subsequent
supercontinuum generation in thin solid media.

Figure 5-9: Hybrid Two-Stage Compression Results
Results following the HCF + MPC compressor, using FS or YAG as the 2nd stage broadening
medium. (a) Optimal broadening obtained using FS (blue) or YAG (purple) are compared with
spectra obtained following the 1st stage (Xe-filled HCF - red). (b) Beam profile following the FS
based MPC setup. (c) Visible light generated from filamentation in YAG based MPC setup. (d-f)
Experimental FROG trace, experimental and retrieved spectra, and retrieved intensity profile for
FS based MPC. (g-i) Experimental FROG trace, experimental and retrieved spectra, and
retrieved intensity profile for YAG based MPC.
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CHAPTER 6: NONLINEAR COMPRESSION IN
MOLECULAR GAS FILLED HCF

This chapter contains content reproduced from [164] with the permission of AAAS Publishing
Key properties of the Kerr nonlinearity have led to the widespread adoption of laser pulse
compression schemes based on SPM in atomic gas filled capillary fibers. In particular, the tight
binding of valence electrons in inert gases allows the use of relatively high laser intensities before
the detrimental onset of ionization related dispersion and losses. As the refractive index changes
arise because of field-driven distortions of the valence electronic wave function, having a natural
time scale below 1 fs [41], the response is effectively instantaneous, and the refractive index tracks
the time dependent laser intensity 𝐼(𝑡). For molecular gases, as described in this chapter, the
vibrational and rotational degrees of freedom result in the addition of “delayed” nonlinear
responses ∆𝑛𝑑 caused by the field-induced alignment and stretching of the molecular bonds
[124,178], as well as four-wave mixing processes associated with Raman transitions [179,180].

6.1 Spectral Broadening in Molecular Gases
Heavy polyatomic molecules like sulfur hexafluoride (SF6) [181,182] and various other
hydrofluorocarbon species [178,183] have been shown to be effective in generating broad spectral
bandwidths in both filamentation and HCF compressors. Unlike in typical atomic gas-based SPM
broadening, where symmetric generation of blue- and red-shifted frequencies occurs, broadening
in polyatomic molecules results in bandwidths more heavily weighted towards higher frequencies.
This asymmetric generation has been attributed to changes in the pulse shape related to ionization
62

and self-steepening, as well as the excitation of vibrational modes. Although these frequency
generation processes can complicate the resultant spectral phase, compression to few-cycle
durations has been demonstrated using both SF6 and difluoroethane (R152a). In the latter,
compression to few-cycle durations was shown for both “short” and “long” input pulses from Ti:Sa
and Yb-based laser systems, respectively. As a result, polyatomic gases have been suggested as a
promising alternative to the more expensive noble gases for pulse compression.
In the case of simpler linear molecules, the rotational nonlinearity dominates over the
vibrational contribution [181,182] and has only a minimal impact on the propagation of short
pulses (below ~100 fs) because of a lack of temporal overlap with the delayed response [184].
However, it has been exploited to imprint temporal phase shifts onto a second copropagating pulse,
which arrives during a revival of rotational coherence [185,186]. Conversely, long input pulses
(hundreds of femtoseconds) experience a prolonged interaction that can coincide with the delayed
response duration, markedly increasing the magnitude of the induced rotational nonlinearity [187].
For sufficiently long pulses, the enhanced rotational nonlinearity can also be considered to be
nearly instantaneous and can yield a qualitatively similar time-dependent nonlinear response as
that of the electronic Kerr nonlinearity. By appropriately choosing the molecular gas according to
the input pulse duration, the total nonlinearity can be enhanced more than 10-fold in comparison
to an atomic gas with similar nonlinear susceptibility and ionization potential [187]. The following
sections outline our investigations into the use of heavy polyatomic and linear molecular gases for
pules compression in HCF.
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6.2 Heavy Molecules
6.2.1 Sulfur Hexafluoride
Previous pulse compression work using SF6-filled HCF [182] demonstrated the generation broad
blue-shifted spectral bandwidths using of mJ-level pulses from a Ti:Sa system. The enhanced
spectral broadening was attributed to the presence of multiply ionized species and the excitation
of Raman sidebands corresponding to a prominent vibrational mode. The study explored the pulse
duration dependence on spectral broadening, chirping their pulses to cover a range of 75 to 300 fs
input durations, and showed the generation of comparable spectral broadening to that in argon for
either a lower gas pressure or a reduced input peak intensity. These results thus hinted at the
potential to use SF6 to achieve few-cycle compression of comparably lower energy and longer
duration pulses from Yb-based systems. However, upon examination, the broadened spectra
obtained after HCF propagation were effectively identical to what we obtained in Kr, with
symmetric frequency generation akin to typical atomic gas SPM broadening.
The spectra collected after propagation in SF6-filled HCF at 2.4 bar, along with that
obtained from Kr at the same pressure and Xe at 1.8 bar, are shown in Fig 6-1. The appearance of
asymmetry in the spectral counts favoring the blue-side of the spectrum is a consequence of using
a single spectrometer to collect the data, as is similarly seen for the atomic gas spectra. The lack
of a pronounced blue-shift in the SF6 broadened spectrum indicates a lack of significant
contributions from vibrational degrees of freedom in the molecule, and only broadening through
the instantaneous nonlinear response is observed. This can be attributed to the narrow spectral
bandwidth of the input pulses, decreasing the probability of the stimulated Raman scattering
process. Although the bandwidth generated is comparable to that of Kr, potentially providing a
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cheaper alternative to compress to few-cycle durations, significant losses in the transmission
ultimately make the use of SF6 unfavorable.

Figure 6-1: Spectral Broadening in SF6-filled HCF
Spectra collected after propagation through SF6-filled HCF at 2.4 bar. Spectra obtained after
propagation through Kr (2.4 bar) and Xe (1.8 bar) are also shown.

6.2.2 Difluoroethane
Recently, a study demonstrated the use of hydrofluorocarbon species [183] to generate
broad spectral bandwidths at relatively low pulse energies (sub-mJ) and long pulse durations (>100
fs) from an Yb-based laser system. This study explored the pressure and energy dependence of
different hydrofluorocarbon species in comparison to Ar and Kr and identified 1,1-difluoroethane
(C2H4F2, also known as R152a) as the best candidate for compression due to its large spectral
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broadening and high energy transmission. Unlike in SF6, the molecular structure of R152a is
asymmetric, resulting in the contribution of both vibrational and rotational degrees of freedom to
the nonlinear response. Therefore, the electronic polarizability is heavily dependent on the relative
orientation between the molecule and laser pulses, making a qualitative description of the
nonlinear response nontrivial. However, much like high nonlinear refractive indices in noble gases
have been associated with lower ionization being linked to a larger electronic polarizability,
hydrofluorocarbons follow a similar trend – the lower the ionization potential, the broader the
spectral bandwidth generated. With an ionization potential close to that of Xe (12.1 eV), R152a
(11.9 eV) has the potential to be a significantly cheaper alternative for HCF pulse compression.
As expected, similar spectral bandwidths to that of Xe could be obtained from propagating
in R152a-filled HCF, though at slightly higher gas pressures. Figure 6-2 shows the best
compression results obtained for a pressure of 3 bar. The ability to maintain an energy transmission
of approximately 70 percent after the HCF at this pressure further suggested R152a would be a
good substitute for pulse compression. However, much like we previously saw in Xe, and as was
hinted at in the original study, broadening beyond this bandwidth proved unfavorable. Above this
pressure, the generation of new frequency components separate from the fundamental spectrum
begin to appear and become more prominent than extensions of the fundamental spectrum with
increasing pressure. Accompanied by a deterioration of the transmission and spatial profile, the
emergence of these undesirable nonlinear processes once again prevents further decreases in the
pulse duration.
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Figure 6-2: Temporal Characterization of Pulse Compressed Using R152a
(a) Experimental SHG FROG trace. (b) Reconstructed SHG FROG trace (FROG error = 1%).
(c) Measured spectrum (black) and retrieved spectrum (red) and phase (blue). (d) Retrieved
shape of unbroadened of compressed pulse. The compressed pulse shows a duration (FWHM)
below13 fs.
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6.3 Linear Molecules
In contrast to heavier polyatomic molecules, linear molecules exhibit a delayed nonlinear response
mainly due to their rotational alignment with the laser field [187]. This effect has long been used
for pulse compression and shaping of a probe pulse via rotational wavepacket revivals initiated by
a pump pulse [179,180]. Since the development of femtosecond laser technologies has continued
to strive towards producing shorter pulse durations directly from laser amplifiers, the effects of the
delayed nonlinearity on the pump pulses driving the molecular alignment were nearly insignificant,
and instead required a second pulse to temporally overlap with the realigned molecular ensemble
few picoseconds after excitation by the first pulse. In stark contrast, the effects of the delayed
rotational nonlinearity can be clearly seen when using pulses with long input durations.
Specifically, as the pulse duration grows to a duration close to the time it takes the molecule to
align with the laser field, there is a larger contribution to the change in nonlinear refractive index,
resulting in enhanced spectral broadening.

6.3.1 Delayed Rotation Nonlinearity
The delayed nonlinear response, and its contribution to the change in nonlinear refractive index,
can be described using a density matrix formalism [188]. To capture the effect of the field-induced
molecular alignment on the refractive index, the time-dependent ensemble-averaged molecular
polarizability 〈𝛼〉𝑡 is defined for directions along and perpendicular to the incident electric field.
̿ ∙ 𝐞̂〉, where 𝒆̂ is a unit vector along the laser polarization direction, and 𝜶
̿ is the
Here, 〈𝛼〉𝑡 = 〈𝐞̂ ∙ 𝛂
polarizability tensor. For linear molecules with symmetry about the z-axis, the only nonzero
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̿ are 𝛼𝑧𝑧 = 𝛼∥ 𝛼𝑥𝑥 = 𝛼𝑦𝑦 = 𝛼⊥ and the change in refractive index due to
components of 𝛂
molecular orientation can be written as:
∆𝑛𝑑 (𝑡) =

2𝜋𝑁
𝑛0

1

∆𝛼 (〈cos 2 𝜃〉𝑡 − 3)

( 6-1 )

where 𝑁 is the number density of molecules, ∆𝛼 = 𝛼∥ − 𝛼⊥ is the polarizability anisotropy, and
cos2 𝜃 describes the degree of alignment of a particular molecule’s axis with respect to the laser
polarization direction. The ensemble-averaged alignment is defined as 〈cos 2 𝜃〉𝑡 = 𝑇𝑟(𝛒(𝑡) ⊗
cos2 𝜃) = 𝜌𝑘𝑙 ⟨𝑙| cos2 𝜃 |𝑘⟩, where 𝛒(𝑡) is the density matrix, and |𝑘⟩ = |𝑗, 𝑚⟩ and |𝑙⟩ = |𝑗′, 𝑚′⟩
are the rotational eigenstates of the field-free Hamiltonian, described by the quantum numbers 𝑗
and 𝑚 corresponding to the total rotational angular momentum and the component of angular
momentum along the polarization direction, respectively. Assuming that the molecules occupy the
ground electronic and vibrational states at room temperature, the first-order perturbation to the
density matrix can be calculated as:
𝑖

𝑡

[𝛒(1) (𝑡)]𝑘𝑙 = − ℏ ∫−∞ d𝜏[𝒽(𝜏), 𝛒(0) ]𝑘𝑙 𝑒 −(𝑖𝜔𝑘𝑙+𝛾𝑘𝑙)(𝑡−𝜏)

( 6-2 )

̿ ∙ 𝐄 is the induced dipole moment, and
where 𝒽 = −𝐩 ∙ 𝐄 is the perturbation Hamiltonian, 𝐩 = 𝛂
𝐄(𝑡) = 𝜀(𝑡) cos(𝜔𝑡) is the time-dependent laser electric field with envelope 𝜀(𝑡) and central
frequency 𝜔. The resonance frequencies 𝜔𝑘𝑙 = (𝐸𝑘 − 𝐸𝑙 )⁄ℏ and dephasing rates 𝛾𝑘𝑙 correspond
to transitions between rotational states |𝑘⟩ and |𝑙⟩ with energies 𝐸𝑘 = ℎ𝑐𝐵𝑗(𝑗 + 1) and 𝐸𝑙 =
ℎ𝑐𝐵𝑗′(𝑗′ + 1), where 𝐵 is the rotational constant. 𝛒(𝟎) is the zeroth order density matrix describing
distribution of rotational states for 𝑡 → −∞.
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(0)

The commutator matrix element in Eq. 6-2 is [𝒽(𝜏), 𝛒(0) ]𝑘𝑙 = (𝛒𝑙

(0)

− 𝛒𝑘 )𝒽𝑘𝑙 , and the

perturbation Hamiltonian is given by 𝒽𝑘𝑙 = −∆𝛼|𝐄|2 ⟨𝑘| cos2 𝜃 |𝑙⟩ − 𝛼⊥ 𝛿𝑘𝑙 |𝐄|2 , where 𝛿𝑘𝑙 is the
identity matrix. Since the rotational eigenstates of a rigid rotor are spherical harmonics, the matrix
elements ⟨𝑘| cos2 𝜃 |𝑙⟩ are nonzero only when 𝑚′ = 𝑚 and 𝑗 ′ = 𝑗 or 𝑗 ′ = 𝑗 ± 2. The commutator
matrix element also vanishes for diagonal elements, and Eq. 6-2 can be rewritten as:
𝑖

(1)

(0)

(0)

𝜌𝑗,𝑗−2,𝑚 (𝑡) = − 2ℏ (𝜌𝑗,𝑚 − 𝜌𝑗−2,𝑚 ) ×
𝑡

∆𝛼𝑄𝑗,𝑗−2 𝑒 −(𝑖𝜔𝑗,𝑗−2 +𝛾𝑗,𝑗−2 )𝑡 ∫−∞ d𝜏𝜀 2 (𝜏)𝑒 (𝑖𝜔𝑗,𝑗−2 +𝛾𝑗,𝑗−2 )𝜏

( 6-3 )

(0)

where 𝑄𝑗,𝑗′ = ⟨𝑗, 𝑚| cos2 𝜃 |𝑗 ′ , 𝑚′⟩ and 𝜌𝑗,𝑚 = 𝐷𝑗 𝑒 −ℎ𝑐𝐵𝑗(𝑗+1)⁄𝑘𝐵 𝑇 ⁄𝑍, with rotational partition
function 𝑍 and statistical weighting factors 𝐷𝑗 determined by the nuclear spin statistics. Noting
(1)

(1)

that 𝜌𝑗,𝑗+2,𝑚 is the complex conjugate of 𝜌𝑗,𝑗−2,𝑚 , the ensemble-averaged alignment can then be
calculated from the density matrix as:
1

2 𝑗(𝑗−1)

(0)
(0)
(𝜌𝑗 − 𝜌𝑗−2 )∆𝛼 ×
2𝑗−1
𝑡
Im (𝑒 (𝑖𝜔𝑗,𝑗−2 +𝛾𝑗,𝑗−2 )𝑡 ∫−∞ d𝜏𝜀 2 (𝜏)𝑒 (−𝑖𝜔𝑗,𝑗−2 +𝛾𝑗,𝑗−2 )𝜏 )

〈cos 2 𝜃〉𝑡 = −
3
15ℏ

( 6-4 )

To obtain an analytical form of Eq. 6-4, we consider a pulse envelope of the form 𝜀(𝑡) =
𝜋 𝑡

𝐸0 cos (2 𝜏 ) for |𝑡| < 𝜏0 and 𝜀(𝑡) = 0 for |𝑡| > 𝜏0 , and integrate Eq. 6-4. Typical values of
0

〈cos2 𝜃〉𝑡 calculated under our experimental conditions deviate from the isotropic ensemble
1

average 〈cos 2 𝜃〉𝑡 = 3 on the order of 10−2, justifying the use of lowest-order perturbation theory.
Equation 6-1 neglects the instantaneous distortions of the electronic wave function, which give
rise to the electronic Kerr nonlinearity. We therefore include the instantaneous Kerr term ∆𝑛𝑖 =
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𝑛2 𝐼(𝑡) along with the delayed response given by Eq 6-1 to obtain the total nonlinear phase shift
associated with an effective propagation length 𝐿𝑒𝑓𝑓 :
∆𝜙NL =

2𝜋𝐿𝑒𝑓𝑓
𝜆

(∆𝑛𝑖 + ∆𝑛𝑑 )

( 6-5 )

where 𝜆 is the input laser central wavelength.
Figure 6-3 illustrates the effect of the delayed response on the nonlinear index of refraction
by comparing the change in refractive index induced by short and long pulses in both atomic and
molecular gas media. Here, the nonlinear indices of argon, nitrogen, and nitrous oxide (a-c) are
calculated for short (30 fs) and long (280 fs) input pulse durations. Ar and N2 share similar
ionization potentials and instantaneous nonlinear refractive indices. Both atomic and molecular
systems exhibit an instantaneous response ∆𝑛𝑖 due to the electronic Kerr nonlinearity, while the
delayed rotational response ∆𝑛𝑑 , proportional to the degree of alignment in the molecular
ensemble, is present only in the molecular systems. For short input pulses, the effective change in
refractive index is approximately the same in Ar and N2 since only the instantaneous contribution
takes effect during the period of interaction, whereas the long pulses see a significantly larger ∆𝑛
in N2. The effect is even more pronounced in N2O, which was chosen due to its larger polarizability
anisotropy and longer rotational period. The latter plays a crucial role since the degree to which
the temporal evolution of the refractive index coincides with the intensity envelope (shown in grey
for the 280-fs pulse) determines the shape of temporal phase shift and thus the time dependence of
the instantaneous frequency (d).
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Figure 6-3: Nonlinear Indices and Phase Shifts – Atomic Vs Molecular
(a-c) The nonlinear indices of refraction of Ar, N2, and N2O calculated for short (30 fs) and long
(280 fs) input pulse durations. (d) The instantaneous frequency shift corresponding to the timedependent phase shifts accumulated by the long input pulses in (a-c).
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To further illustrate how the dynamics of the delayed nonlinearity impact the generated
supercontinuum, we calculate the spectrum generated from propagation of laser pulses with
various input pulse durations (30 fs to 1 ps) in Ar, N2, and N2O (Figure 6-4). In all cases, the
effective propagation length was constant, the central frequency of the input laser was 0.29 fs-1,
and the intensity was fixed to 1 TW/cm2. While argon exhibits symmetric spectral broadening
throughout, with a spectral bandwidth that quickly shrinks as the input pulse duration increases,
both the molecular gases exhibit dramatically different behavior depending on the input pulse
duration. Both N2 and N2O start with a broad supercontinuum at short input pulse durations, which
initially shrinks with increasing pulse duration, but is then followed by a strong red-shift and
subsequent extension to higher frequencies. The blue-shifted components are initially weak, but
gradually increase in strength with further increasing input pulse duration

Figure 6-4: Pulse Duration Dependence of Spectral Broadening
Comparison of the supercontinuum spectra simulated in (a) Ar (6.5 bar), (b) N2 (6.5 bar), and
(c) N2O (4.4 bar) for different input pulse durations at a fixed intensity of 1 TW/cm2.
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In the molecular gases, longer pulses lead to larger degrees of molecular alignment and
therefore enhanced nonlinearity. At the same time, the molecular alignment is delayed with respect
to the pulse. The combination of these two effects leads to purely red-shifted supercontinuum
spectra for pulse durations of approximately 100 fs in N2 and 150 fs in N2O. Further increasing the
pulse duration shifts the peak of the alignment to coincide with the trailing edge of the pulse,
resulting in more symmetric spectra and optimized spectral bandwidth for pulse durations of
approximately 150 fs in N2 and 280 fs in N2O. Notably, the supercontinuum spectra generated in
N2 and N2O with very long pulses remain substantially broader than those generated in Ar due to
the enhancement afforded by the large rotational nonlinearity. For the longest pulses considered,
molecular alignment approaches the adiabatic condition where ∆𝑛𝑑 and ∆𝑛𝑖 have the same
qualitative behavior, yielding symmetric spectra with broader bandwidth than their atomic
counterparts.

6.3.2 Nitrogen
The strength of the delayed nonlinearity is clearly visible when comparing the spectra obtained
from propagating in Ar and N2 filled HCF. Figure 6-5 shows pressure dependent spectra obtained
from propagating pulses in Ar and N2 filled HCF up to a pressure of 6.2 bar. The measured spectra
exhibit extensions to both the short and long wavelength sides of the input spectrum and amplitude
modulations consistent with the SPM process. However, in the case of N2 the spectral weight is
shifted more heavily towards longer wavelengths, resulting in red-shifted central wavelengths of
1094 nm at the highest pressure. This is unlike typical SPM-broadened spectra, where the
generation of frequencies below and above the fundamental frequency occurs at the leading and
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trailing edges of the pulse, respectively, leading to a symmetric spectrum such as that observed in
Ar. Instead, due to the delayed rotational nonlinearity, the zero crossing of the instantaneous
frequency shift comes after the pulse’s peak (panel d of Figure 6-3), leading to the enhanced
generation of red-shifted frequencies. This behavior is qualitatively reproduced by the simulated
spectra shown in the top panel of Fig 6-5, which has been obtained from Eq. 6-5 using the
experimental parameters.

Figure 6-5: Pressure Dependent Spectra Measured in Ar and N2
Spectra obtained as a function of pressure in Ar and N2 are shown in the bottom panel. Lineouts
at the highest pressure of 6.2 bar are shown in the top panel (shaded) along with simulated
spectra (solid) obtained using the experimental parameters.

At a pressure of 6.2 bar, the spectra obtained from Ar and N2 differ significantly in
bandwidth, supporting pulses with an FTL duration of 21 fs and 7.4 fs, respectively. This is the
difference between a 6-cycle and 2-cycle pulse, at their respective central wavelengths. The highest
pressure which could reliably be maintained in the HCF was 6.5 bar, for which a slightly broader
N2 spectrum supporting an FTL duration of 6.9 fs was obtained. At this pressure, the best
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dispersion compensation is achieved when using 8 bounce pairs of the complementary (PC1632)
chirped mirrors (two reflections each on four pairs of mirrors) and 20 mm of CaF2 glass, resulting
in pulses with a FWHM duration of 7.0 fs (2 cycles at the central wavelength of 1068 nm), as
shown in Fig. 6-6. Though a smaller number of CM bounces and a smaller amount of glass is
necessary to optimize the longer wavelength portion of the spectrum, optimal compensation of the
short wavelength side of the spectrum requires a larger combination, which ultimately results in a
shorter pulse duration.
This is partly due to the difference in GDD applied across the ultrabroad bandwidth by the
glass and the PC1632 CM, as well as the difference in spectral phase obtained by the red-shifted
and blue-shifted frequencies generated from the delayed response. In contrast to typical SPM
broadening, for which only a small portion of the laser intensity generates red-shifted frequencies
with negative GDD during the leading edge of the pulse, the delayed response shifts the zero
crossing of the instantaneous frequency and generates red-shifted frequencies with negative GDD
more strongly. Though this phase relationship is not ideal for the standard compression approach,
efficient compression near the FTL duration can still be obtained. This is apparent from the
retrieved temporal intensity profile (lineout in Fig 6-6d), from which we calculate the percentage
of energy located within a duration of 1/e2 to be 59% relative to the peak intensity of the bandwidth
limited pulse profile (shaded in Fig 6-6d). Overall, the energy throughput of the HCF and CM
compressor ultimately results in 7 fs pulses with an energy of 200 µJ in a single stage, providing
a simpler and cheaper alternative to the hybrid two-stage setup discussed in section 5.3.2.
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Figure 6-6: Temporal Characterization of Pulses Compressed Using N2
Spectrum generated at 6.5 bar with 400 μJ input pulse energy and compressed using chirped
mirrors. (a, b) Measured and reconstructed FROG traces (FROG Error = 2.1%). (c) Measured
(grey) and retrieved (red) spectra. The retrieved spectral phase is shown in blue. (d) Bandwidthlimited (blue) and retrieved (red) intensity profiles. The retrieved temporal intensity profile is
normalized relative to the peak intensity of the bandwidth limited pulse profile, and the
percentage of energy located within a duration of 1/e2 is equal to 59%.
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6.3.3 Nitrous Oxide
As illustrated in Fig 6-4, the magnitude of the spectral broadening enhancement introduced
by the delayed nonlinearity is related to the molecular alignment time. While the spectra obtained
from propagating in N2 is significantly broader than that obtained from Ar, the broadest spectra
which can be generated will be obtained by using slightly shorter pulses than our input duration of
280 fs. In contrast, by using a heavier molecule such as N2O, for which the rotational alignment
time coincides better with our input pulse duration, we can maximize the degree of enhancement.
This is clearly demonstrated in Figure 6-7, which shows the pressure dependent spectra obtained
from propagating pulses in N2O filled HCF up to a pressure of 4.4 bar. While no further broadening
is observed above this pressure, this bandwidth already covers two optical octaves and supports a
an FTL duration of 2.5 fs, less than one optical cycle at a central wavelength of 1068 nm.

Figure 6-7: Pressure Dependent Spectra Measured in N2O
Spectra obtained as a function of pressure in N2O is shown in the bottom panel. A lineout at the
highest pressure of 4.4 bar is shown in the top panel (shaded) along with spectra obtained using
CO2 (solid) at a pressure of 5.2 bar.
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A similar bandwidth can also be obtained from propagating in a CO2 filled HCF, another
linear molecule of similar weight and rotational inertia. The broadest spectrum generated from
propagating in CO2 is obtained at a pressure of 5.2 bar and is shown (solid lineout) in the top panel
of Fig 6-7 along with the spectrum obtained at 4.4 bar of N2O (shaded lineout). The difference in
these spectra demonstrates the effect of the polarizability anisotropy, which is higher in the case
of N2O, and results in the generation of a broader supercontinuum spectrum than CO2. These
bandwidths are significantly broader than those obtained from propagating our 280-fs pulse in Xe
or N2 filled HCF, underscoring previously unidentified capabilities associated with the judicious
choice of molecular gas media for nonlinear propagation according to the laser pulse parameters.
In the case of N2O, the supercontinuum generated at 4.4 bar covers two optical octaves and
supports a bandwidth-limited pulse duration of 2.5 fs, less than one optical cycle at a central
wavelength of 1068 nm. Synthesis of such short pulses requires that the phase accumulated during
propagation can be adequately compensated over the entire bandwidth. Using the PC1632 CM
design, whose bandwidth spans from 700 nm to 1400 nm, compression of a significant portion of
this supercontinuum spectrum is possible. At a pressure of 2.4 bar, a bandwidth supporting an FTL
duration of 5.4 fs can be obtained using pulses with lower energy (140 µJ). For this broadened
spectrum, optimal dispersion compensation was found using five bounce pairs of CM (one
reflection each on five pairs of mirrors) and 1.5 mm of CaF2. As shown by the FROG
reconstructions (Fig 6-8) the compressed pulses have an FWHM duration of 5.8 fs, which
corresponds to 1.6 cycles at 1074 nm and a compression factor larger than 45.
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Figure 6-8: Temporal Characterization of Pulses Compressed Using N2O
Spectrum generated at 2.4 bar with 140 μJ input pulse energy and compressed using chirped
mirrors. (a, b) Measured and reconstructed FROG traces (FROG Error = 1.0%). (c) Measured
(grey) and retrieved (red) spectra. The retrieved spectral phase is shown in blue. (d) Bandwidthlimited (grey) and retrieved (red) intensity profiles. The retrieved temporal intensity profile is
normalized relative to the peak intensity of the bandwidth-limited pulse profile, and the
percentage of energy located within a duration of 1/e2 is equal to 75%.
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Much like in N2, finding an optimal dispersion compensation condition in N2O requires
some compromise across the spectral bandwidth, where the longest wavelength components are
slightly detuned to achieve the best compensation for the shortest wavelength components. With
the broader red-shifted bandwidths generated from N2O this becomes even more challenging, as
the dispersion of FS and CaF2 become less effective at compensating the residual chirp
accumulated from the broadening process. As seen in Fig 3-4, for wavelengths greater than 1.2
µm, the GDD of these materials approaches zero, while their TOD rapidly rises. Since the GDD
of the CM set (PC1632) also varies slightly across the 700 to 1400 nm bandwidth (Fig 3-3),
different combinations of CM bounces and glass thickness can yield similar yet effectively
different amounts of GDD and TOD across the bandwidth. Furthermore, the use of other
transparent materials such NaCl (Fig 3-4), for which the GDD is much larger than FS and CaF2
across this bandwidth, can be combined with large numbers of CM bounces to yield different
compensation configurations.
Different gas pressure, pulse energy, and fiber alignment combinations can also yield
nearly identical looking bandwidths with slightly different resultant dispersion. It is thus
advantageous to check various configurations to obtain the best results for any particular
bandwidth. Under optimized HCF alignments, transmissions near 60% percent can be maintained
when generating the broadest bandwidth covered by our CM, resulting in overall energy
throughputs around 50 percent after compression. Moreover, from the retrieved temporal intensity
profile (lineout in Fig 6-7d), we find the percentage of energy located within a duration of 1/e2 to
be over 70% relative to the peak intensity of the bandwidth limited pulse profile (shaded in Fig 67d), demonstrating the applicability of these sub-two cycle pulses.
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Aside from generating significantly broader wavelengths, propagation in molecular gases
provides a mechanism through which the laser’s central frequency can be efficiently red-shifted
during spectral broadening. Isolation and compression of the red-shifted portion of the
supercontinuum could prove useful for applications relying on optical parametric amplification to
extend the wavelength of laser sources into to the mid-infrared region. With the use of an acoustooptic programable dispersive filter (AOPDF, Fastlite Dazzler UHR 900 to 1700) [189], we select
a region of the spectrum not covered by our dispersive mirrors and demonstrate compression in
the long-wavelength region of the generated supercontinuum. The bandwidth is obtained by
propagating pulses with the full pulse energy in 3.0 bar of N2O. As shown in Fig 6-9, we obtain
pulses with an FWHM duration of 10.4 fs (2.3 cycles at 1374 nm). Because of the low damage
threshold of the nonlinear crystal inside the dispersive filter, only a small fraction (5 μJ) of the
total pulse energy was compressed using the AOPDF.
These results demonstrate how, for a given molecular gas, there exists a range of pulse
durations that can provide either symmetric or red-shifted spectral broadening. We therefore
identify propagation in molecular gases as an efficient platform for both the compression of long
laser pulses, potentially yielding few-cycle pulses directly from industrial-grade picosecond lasers
[190], and the generation of high-energy, long-wavelength femtosecond pulses in HCF [191].
Optimistically, the use of larger linear molecules with substantially larger electronic and rotational
nonlinearities and longer rotational periods [192] could potentially allow nonlinear compression
of pulses with durations greater than 10 ps, which can be generated via direct amplification.
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Figure 6-9: Temporal Characterization of Pulses Compressed From the Long-Wavelength
Portion of the N2O Supercontinuum
Spectrum generated at 3.0 bar with 400 μJ input pulse energy and compressed using an AOPDF.
(a, b) Measured and reconstructed FROG traces (FROG Error = 0.5%). (c) Measured (grey)
and retrieved (red) spectra. The retrieved spectral phase is shown in blue. (d) Bandwidth limited
(grey) and retrieved (red) intensity profiles. The retrieved temporal intensity profile is
normalized relative to the peak intensity of the bandwidth-limited pulse profile, and the
percentage of energy located within a duration of 1/e2 is equal to 93%.
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6.4 Effects of Laser Heating on Supercontinuum Generation
The promising application of molecular gases for compression of long input duration pulses from
Yb-based systems naturally suggests a route to producing high-power XUV sources [45] for timeresolved spectroscopies relying on attosecond precision. However, the results described so far have
been obtained for repetition rates up to 1 kHz, corresponding to average powers below 0.5 Watt,
and further increasing the average power of the molecular gas based HCF compressor has proved
challenging. This is due to the larger degrees of freedom present in molecular gases which, while
necessary to enable the field induced alignment mechanism, makes them more susceptible to
heating in repetitive laser interactions. With increasing average power, the supercontinuum
generated in molecular gases begins to narrow and the energy throughput severely decreases. This
is depicted in Figure 6-10, which compares the energy throughput and the SCG obtained from
propagating in Xe and N2O filled HCF at various increasing average powers. While bandwidths
broader than those obtained in Xe can be maintained for input powers of several Watt, the beam
profile becomes severely distorted and the energy throughput is drastically affected, reaching
nearly 25 percent at an input power of 20 W.
Many effects can contribute to reductions in nonlinearity, making it difficult to identify
how to best mitigate these effects. Previous studies have investigated how increasing repetition
rates impact the supercontinuum generated through laser filamentation experiments using atomic
and molecular gases [193,194]. These demonstrated the emergence of long-lived quasi-stationary
cylindrical depressions in the gas density, which alter the refractive index of the medium on
millisecond timescales. The creation of these density gradients could reduce the effective
nonlinearity of the medium and can even result in deflection of the beam near the entrance of the
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HCF, reducing the coupling and impacting the bandwidth and energy throughput. Similar studies
[195,196] have also used carefully timed pulse sequences, with spacings commensurate to
fractions of the rotational revival times, to significantly increase the rotational temperature of
molecular gases – an effect that would drastically alter the coherence of the rotational ensemble
created during the supercontinuum generation process.

Figure 6-10: Average Power Dependent Broadening and Throughput – Atomic Vs
Molecular Gas Filled HCF
(a) Spectra and (b) energy throughput obtained from propagating 400 µJ pulses in 1 bar of N2O
and 1.6 bar of Xe (same as shown in Fig 5-7) for various average powers.

In principle, the former can be mitigated by the geometric constraints of the hollow
waveguide, and through careful optimization of the beam focus and fiber alignment as the input
average power is increased. Since we also observe this behavior in N2 and CO2, whose ionization
potentials are also larger than that of Xe, and given no filament is observed under our focusing
conditions, the thermal effects associated with excitation of rotational degrees of freedom appear
to be the dominating source of this effect. We thus limit our analysis to the impacts of rotational
temperature on the rotational nonlinearity.
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6.4.1 Burst Mode Measurements
We can begin to understand the dynamics associated with the rotational heating effect by
comparing the spectra obtained as function of pulse number for different pulse spacings. The N2O
spectra shown in Fig 6-10 are collected several seconds after the beam has started propagating
through the HCF, yielding the bandwidth generated at the equilibrium temperature reached for the
input power used. Here, we can only vary the pulse spacing (repetition rate) and observe the effect
on the equilibrium spectrum, that is the spectrum generated by pulses seeing the already thermally
excited gas medium. However, we can also determine how the spectrum varies as a function of
pulse number, and in principle see how the effective gas temperature experienced by each
sequential pulse incrementally grows to the heated equilibrium state.
Creation and detection of these pulse sequences requires manipulation of the Pockels cell
controlling the laser amplifier output shutter. Figure 6-11 summarizes the desired parameter
control and the experimental configuration necessary to produce these variable pulse sequences.
These experiments require control over: N – the number of pulses in each burst, T1 – the time
interval between pulses in each burst (equivalent to the repetition rate under normal operation),
and T2 – the time interval separating each burst. In order to ensure the system is able to reach
“cold” thermal equilibrium (near room temperature conditions) between bursts, the value of T2 is
set much larger than the burst duration (T3). By controlling N for a set value of T1 we can then see
how the repetitive laser interactions impact the generated spectrum. As we increase N, we should
approach the “hot” equilibrium spectrum measured from the continuously heated gas under regular
operation.
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Figure 6-11: Burst Mode Schematic
Top: Parameters of pulse sequence generated through Pockels cell manipulation. Bottom:
Schematic of electronics used to create and monitor the pulse sequence. 1) Internal signal from
amplification cavity is sent to an external delay generator (at the base repetition rate of 50 kHz),
2) the configured voltage gating sequence corresponding to the desired burst parameters is sent
to the laser power supply, 3) the Pockels cell is opened and closed according to the received
signal. An oscilloscope is used to continuously monitor the sequence output by the delay
generator as well as the laser pulse picker.
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Since this control is not innately configurable through the laser software, external control
over the Pockels cell is obtained by using of a delay generator (DG645 - Stanford Research
Systems). The laser system is equipped with internal photodiodes outputting a voltage signal
corresponding to the pulse trains generated at different cavity locations. We use the pulse train
signal produced in the laser amplification cavity, which generates a signal at the base repetition
rate of 50 kHz (corresponding to a time interval of 20 µs between sequential pulses), as the trigger
source for the delay generator (DG). At the DG, a voltage sequence is configured which allows
control over N, T1 and T2. This signal is sent to the laser power supply, which permits external
control over the Pockels cell controlling the output shutter of the laser amplifier. To ensure the
desired pulse sequences are properly constructed, an oscilloscope is continuously used to monitor
the gate signal produced by the DG, as well as an internal laser photodiode which triggers when
the pulse picker is activated. An external photodiode was also used to measure the burst mode
pulse trains to verify the monitoring scheme performed as intended.
Measurements were performed for two values of T1: 100 µs and 20 µs, which correspond
to the spacings for normal operation mode repetition rates of 10 kHz and 50 kHz, respectively.
The value of N was varied from 1 through 10, then it was incremented by 10 up to 50, and lastly
measured for a value of 100. For all measurements, the value of T2 was set to 100 ms, which is
100 times larger than the longest burst duration measured (N = 100 & T1 = 100 µs). To ensure the
relative intensities of the spectra collected can be compared throughout, the spectrometer
acquisition times are chosen to always capture a total of 5 bursts for every combination of N and
T1. This allows the collection of substantially strong signals with consistent relative intensities,
which is necessary to extract the supercontinuum generated as a function pulse number.
88

This is done through the calculation of a difference spectrum. To obtain the spectrum
generated by pulse n in the sequence, we subtract the spectrum generated by pulses 1 through n-1,
which we get by simply subtracting the spectrum generated by a burst of size n-1 from that
generated by a burst of size n. Difference spectra were calculated for pulse bursts of size 2 through
10 in increments of 1, 10 to 50 in increments of 10, and for pulses 51-100 by subtracting N = 50
from 100. This was performed for three sets of measurements in an N2O filled HCF at different
combinations of N, T1, and gas pressure. Figure 6-12 shows the supercontinuum generated as a
function of pulse number for: 1 atm at 10 kHz spacing, 1 atm at 50 kHz spacing, and 1.6 atm at 50
kHz spacing. The equilibrium spectrum is also shown at the top of the false color plot and as a
shaded lineout in the top panels.

Figure 6-12: Spectral Broadening in N2O as a Function of Pulse Number
Difference spectra calculated for various pulse numbers at different combinations of N, T1, and
gas pressure.
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Looking at the spectra obtained at 1 atm, for pulses 1 – 10 we see that a larger pulse spacing
(10 kHz vs 50 kHz) results in a lesser degree of spectral narrowing after each increment. For the
bursts containing 10 pulses, the spectra corresponding to 10 kHz spacing experience almost no
change, reaching the equilibrium bandwidth almost immediately. The spectra from the 50 kHz
spacing continue to narrow, reaching the equilibrium bandwidth after around 40 pulses.
Comparing the 1 atm and 1.6 atm spectra obtained at 50 kHz spacings, we see a much more rapid
narrowing taking place for pulses numbers 1 – 10, likely due to increased collisions between
molecules. For bursts containing 10 pulses, the higher-pressure spectra continue to narrow to a
larger degree than the 1 atm case, requiring more pulses to reach the equilibrium state.
Using these difference spectra, we can also obtain an estimate for the gas temperature seen
by sequential pulses using the density matrix model. Since the distribution of states used to model
the rotational nonlinearity is temperature dependent, we can match a value of temperature to each
of the different bandwidths obtained from the difference spectra calculations. This is done by first
ensuring that the experimental parameters used to generate the 1 pulse spectrum closely match the
simulation parameters necessary to reproduce the experimental bandwidth at the “cold” thermal
equilibrium (300 K). The bandwidth of the 1 pulse spectra generated at 1 atm from both the 100
µs and 20 µs (10 kHz and 50 kHz) data sets, which are essentially equivalent, are reproduced by
the model when using an input intensity of approximately 2.8 TW/cm2. This corresponds to about
88% of the calculated experimental intensity of approximately 3.2 TW/cm2, obtained using the
pulse energy, pulse duration, and spot size expected from the focusing conditions.
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Figure 6-13: Gas Temperature Obtained from Simulating Spectral Narrowing
Gas temperatures obtained from simulations of difference spectra corresponding to T1 = 100 µs
and 20 µs in 1 atm of N2O. Values are shown as a function of pulse number (same as shown in
Fig. 6-12). Groups 11-20, 21-30, 31-40, 41-50, & 51-100 are represented by the values at 15,
25, 35, 45, and 75, respectively. The temperatures obtained from the equilibrium spectra are
denoted by the horizontal dashed lines. The inset shows an enlarged view of the first 10 pulses.

Figure 6-13 shows the temperature values obtained from simulating the supercontinuum
bandwidths matching the difference spectra corresponding to T1 = 100 µs (10 kHz) and 20 µs (50
kHz) in 1 atm of N2O. Looking at the values corresponding to N = 2, we can see that a lower gas
temperature is reached between sequential pulses for the lower repetition rate spacing (330 K vs
370 K), but it remains effectively higher than the equilibrium room temperature state even after
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100 µs following a single pulse. Given the time scales associated with dephasing and decoherence
of thermally excited rotational states are on the order of 100s of picoseconds, no coherent
excitation of rotational states is expected [195,196]. Instead, the complete thermalization of the
gas medium through diffusion appears to last several hundred microseconds, leaving the molecular
ensemble in an excited state from which laser induced alignment becomes less effective as the
value of N grows. From these simulations, the equilibrium temperatures reached by the 100 µs (10
kHz) and 20 µs (50 kHz) spacings were calculated to be approximately 388 K and 715 K,
respectively.
This analysis is performed under the assumption that the intensity of the pulse remains
unchanged – that is no significant absorption takes place to reduce the effective nonlinearity
through loss of pulse energy during propagation. This assumption is valid to an extent if we solely
consider how the density matrix formalism accounts for the field induced rotational enhancement.
At room temperature, the molecules have no preferred orientation and experience no coherence,
with a distribution of states following Boltzmann’s statistics. Obtaining a broad supercontinuum
relies on the alignment of the molecular ensemble with the laser field, which is achieved through
the population of rotational states coupled through a two-photon non-resonant Raman process.
This means that at higher initial temperatures the distribution of rotational states becomes more
heavily weighted towards larger 𝑗-values, decreasing the magnitude of the coupling term, resulting
in weaker enhancement to the spectral broadening. Equivalently, the highly rotationally excited
ensemble can be thought to struggle to coherently align with the laser field as the equilibrium
temperature is raised further.
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Since the calculation of the ensemble average alignment responsible for the nonlinear
phase shift accumulated by each pulse is obtained through a first order perturbation theory
(1)

approximation of the time dependent density matrix elements 𝜌𝑗,𝑗−2,𝑚 (𝑡), changes in energy are
assumed to be zero. However, as shown in Fig 6-10, the losses in transmission suggest otherwise.
In order to calculate the changes in temperature using the density matrix formalism, one must find
the changes to the population 𝜌𝑗,𝑗 . This requires going beyond first-order corrections or numerical
propagation of the density matrix 𝜌𝑗,𝑘,𝑚 (𝑡) according to the Liouville–von Neumann equation
[195,196]. For the case of N2O, this a computationally expensive task, owing to the large number
of 𝑗-values necessary to properly describe the ensemble at room temperature ( 𝑗𝑚𝑎𝑥 ~ 80).
At the same time, it has been shown that one can estimate the change in average rotational
energy ∆𝐸 per molecule (or the temperature change 𝑘B ∆𝑇 of the molecular ensemble) using a
simple classical model [196]. This calculation considers a classical rigid rotor, and analytically
models the torque on a molecule due to an instantaneous kick from an optical field polarized at an
angle 𝜃 with respect to the molecular axis. In the limit of a single short pulse, the ensemble
averaged work done on a molecule by a torque 𝜏 =

∆𝐸 =

1
2

∆𝛼|E|2 sin2𝜃 results in

16𝜋 2 𝐹2 (∆𝛼)2
15𝑐 2 𝐼𝑀

( 6-6 )

where 𝐹 is the pulse fluence, and 𝐼𝑀 is the moment of inertia. For the experimental parameters
used to obtain the spectra shown in Fig. 6-12, this corresponds to a ∆𝑇 of approximately 30 K per
pulse. While this value agrees with the temperature extracted from the N = 2 spectra at 10 kHz
spacing, the value extracted from the 50 kHz spacing is more than double. This type of analysis
only gets more complicated as the value of N grows since the thermal conductivity of the medium
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is temperature dependent, and some inclusion of thermal diffusion is ultimately required to
properly differentiate the dynamics experienced by different pulse spacing configurations.

Figure 6-14: Change in Gas Temperature as Function of Input Laser Power
Black stars show the temperatures reached at equilibrium from the burst mode (B.M.) data set.
Values extracted from simulating the equilibrium bandwidths collected under normal mode
(N.M.) operation from two other data sets are shown by red and blue squares. Linear fits are
shown by dashed lines.

There is however further validation to these estimates when looking at the equilibrium state
temperatures. The change in temperature ∆𝑇 extracted from equilibrium bandwidths reached in
the burst mode data sets corresponding to 100 µs (10 kHz) and 20 µs (50 kHz) spacings were 88
K and 415 K, respectively. These differ almost exactly by a factor 5, just like their corresponding
input powers of 4 W and 20 W, respectively, suggesting a linear relationship exists between the
input power and the value of ∆𝑇 in the equilibrium state. This is confirmed by performing the same
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analysis over a larger range of input powers, using two separate data sets collected under normal
mode (continuous pulse output) operation. These values (red and blue squares in Fig 6-14) were
obtained from the bandwidths generated under nearly-identical experimental conditions on two
separate occasions. However, due to variations in the input coupling, fiber alignment, and exact
gas pressure, the bandwidths obtained at low input power (0.1 W) varied slightly between the
measurements, resulting in different values of ∆𝑇. Nevertheless, these spectra follow the same
trend, demonstrating the effectiveness of the temperature dependent bandwidth estimate.

6.4.2 Mitigation Strategies
Although the enhanced nonlinearity of molecular gases allows the generation of much broader
bandwidths than atomic gases from the long input pulse durations typically available from Ybbased systems, mitigation of these thermal effects will be necessary to extend this technique to
high average powers. Mitigation strategies aimed at reducing the thermal load on the HCF are
already implemented in facilities employing some of the largest average power systems being
compressed to few cycle curations using atomic gas-filled HCF compressors. At high average
powers, the spectral broadening and power transmission are in principle still constrained by
thermal effects associated with both repetitive ionization of the gas [194] and heating of the
capillary itself. These have so far been mitigated up to the >100 W level using a combination of
techniques such as beam-pointing stabilization, intensity optimization, pressure gradients, and
active cooling [197,198]. Similar approaches can therefore be taken to reduce the thermal load on
the molecular gas-filled HCF, effectively reducing the amount of spectral narrowing and
transmission losses experienced with increasing average power.
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Three different mitigation approaches were taken to reduce the equilibrium rotational
temperature of the medium: the use of a pressure gradient, the introduction of a buffer gas, and a
reduction to the fiber core diameter. For these measurements, the resultant spectral bandwidths
and energy transmissions were compared to those obtained from propagating in 1 atm of N2O
using a fiber with a 500 µm inner diameter. The experiments were performed by first ensuring all
configurations resulted in the same initial bandwidth for the low average power condition (0.1 W).
For the pressure gradient measurements (performed using the 500 µm HCF), this was achieved for
a pressure differential of 1.3 atm of N2O. The buffer gas measurements (also performed using the
500 µm HCF), were taken using 1 bar of He (on top of 1 atm of N2O – 2 atm total) and resulted in
minimal changes to the initial bandwidth. For the 400 µm HCF, a similar bandwidth was also
achieved using 1 atm of N2O. The results of these measurements are summarized in Figure 6-15.
The top panel shows the transmission measured after propagation in the HCF for the
benchmark case (1 atm – 500 µm HCF) in red, the pressure gradient in teal, the buffer gas in blue
and the smaller core in black. The inset shows the same values normalized to the 0.1 W
transmission. The bottom panel shows the calculated FTL durations (in terms of optical cycles)
for equilibrium bandwidths obtained at each input power. We can see that all three mitigation
approaches result in higher transmission efficiencies for almost all measured input powers, and
significantly increase the transmission at the highest average power of 20 W. Similarly, although
narrowing continues to take place for all mitigation approaches, broader bandwidths are obtained
at the highest average powers.
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Figure 6-15: Results of Gas Heating Mitigation Approaches
Top panel: Energy transmission after HCF propagation. Inset: Normalized transmission for all
configurations. Bottom panel: FTL duration in terms of optical cycle.

While the buffer gas is able to mitigate the thermal effects by increasing the thermal
conductivity, substantially improving the power throughput and beam profile, the bandwidth
obtained is more or less comparable to those obtained from the reduced inner core measurements.
On the other hand, while the pressure gradient results in a slightly lower transmission than the
buffer gas approach, an FTL duration near 3 cycles can be maintained at the highest average power.
While these methods only minimally alleviate the thermal effects, they provide evidence for their
effective mitigation. Configurations combining differential pumping and/or active cooling of the
fiber could therefore provide a route towards high-power operation with molecular gas-filled HCF.
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CHAPTER 7: HHG AND TIME RESOLVED SPECTROSCOPY
This chapter contains content reproduced from [163] with the permission of OSA Publishing,
from [164] with the permission of AAAS Publishing, and from [199] with the permission of AIP
Publishing
The compression of a Yb:KGW laser to few-cycle durations, as described in the previous chapters,
opens a wide array of potential applications which stand to benefit from the high average power
of Yb-doped lasers. Moreover, the conversion of these pulses into the XUV through high-order
harmonic generation opens the potential of using Yb-doped lasers to study ultrafast phenomena
extending down to the attosecond time scale. The underlying experimental configuration of timeresolved spectroscopies [40,41,43-45] is the pump-probe technique. This typically incorporates
the use of a strong (pump) light source to induce dynamics in a system, and a weaker (probe) light
source to examine the system. By controlling the time-delay between the pump and probe beams
the evolution of the system can be mapped with a temporal resolution typically determined by the
cross-correlation of the two beams. Since there is a vast span to the temporal window inside which
various ultrafast phenomena take place within the microcosm, a tunable source of HHG can
provide various advantages. The first section in this chapter provides a brief introduction into the
HHG process and goes over various HHG experiments performed using the compressed and
uncompressed laser source. The second section goes over the experimental considerations
necessary to implement the XUV source for different time-resolved spectroscopic techniques and
presents time-resolved angle-resolved- photoemission experiments performed using the
uncompressed laser source.
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7.1 High-Order Harmonic Generation
High-order harmonic generation from high intensity field sources has been a widely studied
phenomenon, ever since its first observation in the late 1980s [28,29]. The emergence of theoretical
models describing the mechanism (Fig. 7-1) responsible for HHG in gases [200,201], and
subsequent studies looking to accurately describe the process in solids [202] continues to generate
interest in these ultrafast sources of high frequency radiation. In gases, the semi-classical picture
used to describe the generation mechanism, typically referred to as the three-step model, says:
1. In the presence of a strong enough electric field, the shape of the atomic potential is distorted,
and electrons are able to tunnel ionize near the peak of the field.
2. As the sign of the electric field flips from one half-optical cycle to another, electrons are
accelerated away from the ion and then redirected towards it.
3. Upon return, if the electron recollides and recombines with its parent ion, it will emit photons
with energies equivalent to what is accumulated from their trajectory in the continuum.

Figure 7-1: Three Step Model of High-Harmonic Generation
The tunneling, propagation, and recombination of electrons in the presence of a strong laser
field result in the generation of high-order harmonic multiples of the fundamental laser
frequency.
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This process takes place once every half-cycle of the driving laser field, or equivalently twice per
every cycle of the driving laser field. Correspondingly, this results in the temporal interference of
the harmonic emission and generates a frequency structure that is separated by twice the driving
frequency of the laser field. Due to the conservation of inversion symmetry, the generation of even
harmonics of the driving field is forbidden unless otherwise broken, and a comb of harmonics
comprised of odd multiples of the driving frequency is generated. The shape of the high-harmonic
spectrum, in other words the spectral intensity of different harmonics, is dictated by this parametric
process, and has three distinct regions [203]:
1. At the lowest photon energies there is a rapid decrease in intensity spanning two to three orders
of magnitude
2. At intermediate photon energies the intensity of subsequent harmonic orders is nearly constant,
and is referred to as the “plateau” region
3. At the highest photon energies there is again a rapid falloff in intensity, and is referred to as the
“cut-off” region
The highest photon energy achievable, referred to as the cut-off energy, is given by:
ℏ𝜔 = 3.17𝑈𝑝 + 𝐼𝑝

( 7-1 )

where 𝑈𝑝 is the ponderomotive energy accumulated by the electron in the laser field and 𝐼𝑝 is the
ionization energy of the atom. The value of the ponderomotive energy is given by:
𝑒 2 E2

𝑒 2 𝐼𝜆20

𝑈𝑝 = 4𝑚𝜔2 = 8𝜋2𝜖
0

100

0 𝑚𝑐

3

( 7-2 )

where 𝑒 is the electron charge, E is the electric field amplitude, 𝜔0 is the laser carrier frequency
and 𝑚 is the electron mass. Similarly, we can express Eq 7-2 in terms of the laser intensity 𝐼 and
the wavelength 𝜆0 , allowing us to more easily see the experimental parameters which determine
extension of the high-harmonic cutoff. However, solely increasing these parameters can have other
adverse effects on the generation process.
For instance, though the energy of the harmonic cutoff scales with intensity, there is a limit
to how high one can go before efficiency drops. This is referred to as the critical ionization limit
and lies at a few percent depending on the gas species and harmonic order [204,205]. Too much
ionization of the gas medium can deplete the number of neutral atoms contributing to the HHG
process, and for long pulse durations can result in significant depletion before the peak of the field
intensity is reached. The use of few-cycle pulses can circumvent this limit, allowing for the use of
higher laser intensities, and increasing the single atom yield of the HHG process [205]. However,
since the HHG process intrinsically relies on the ionization of the gas medium, it is important to
understand how the generation of plasma affects not only the pulse propagation dynamics, but also
the harmonic phase matching.
Phase matching refers to the matching of phase velocities between the driving laser field
and the generated XUV field. This is influenced by various parameters, as shown by Eq 7-3, which
describes the form of the wavevector mismatch for the qth harmonic order in a free-focusing
geometry [206].
Δ𝒌 = Δ𝒌𝑖𝑛𝑡 + Δ𝒌𝑛𝑒𝑢 + Δ𝒌𝑝𝑙𝑎𝑠𝑚𝑎 + Δ𝒌𝐺𝑜𝑢𝑦
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( 7-3 )

From left to right, these terms correspond to: the intrinsic phase due to electron-wave packet
propagation, the contributions to dispersion from the neutral atomic and ionic medium, and the
geometric phase (referred to as the Gouy phase-shift) accumulated as the Gaussian wavefront is
focused. The dispersion terms Δ𝒌𝑛𝑒𝑢 and Δ𝒌𝑝𝑙𝑎𝑠𝑚𝑎 have opposite signs and are pressure and
density dependent, while the intrinsic term Δ𝒌𝑖𝑛𝑡 is dependent on the intensity gradient, and the
geometric term Δ𝒌𝐺𝑜𝑢𝑦 is determined by the specific laser focusing parameters. This means that
by controlling the pressure of the gas medium, interaction length, and intensity of the laser pulses,
phase-matching can be achieved through careful balancing of the contributing terms, resulting in
enhanced generation across various harmonic orders.
Similarly, while the cutoff energy increases with longer driving wavelengths as a result of
longer electron trajectories [203], a longer time spent in the continuum also increases the spatial
distribution of the electron wavepacket. This in turn reduces the efficiency of the recombination
process and has been shown to result in an inverse wavelength scaling to the single atom response
on the order of 𝜆−6
0 [205]. Thus, depending on the desired application of the high-harmonic source,
the use of shorter driving wavelengths can be an ideal way to increase the efficiency (in other
words the flux) of certain harmonic orders.
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7.1.1 HHG Characterization Setup
All high-order harmonic spectra presented in this chapter were characterized with the home-built
extreme ultra-violet (XUV) spectrometer described in Fig 7-2. This schematic summarizes the
three different type of HHG measurements outlined in the following sections: 1) HHG from the
uncompressed fundamental pulse, 2) HHG from the second harmonic of the uncompressed
fundamental pulse, and 3) HHG from few-cycle pulses obtained using the HCF compressor. The
harmonics are generated inside a gas-filled glass cell attached to an XYZ manipulator. In all three
cases, pulses were focused into the HHG chamber with the use of (f = 175 mm) plano–convex
lenses, which are coated for the particular experiments performed. Holes are drilled on both the
front and back side of the cell using the laser beam, and adequate transmission through the cell is
verified by looking at the visible/NIR light reflected from the grating. The emitted harmonics are
dispersed using this concave flat-field grating (Hitachi 001-0640) onto a micro-channel plate and
phosphor screen detector (Photonis). The resultant signals are imaged using a CCD camera and
calibrated using the lower transmission edge of a thin aluminum (Al) filter.
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Figure 7-2: Diagram of HHG Characterization Setup
Schematic of the configurations for the various HHG experiments. Harmonics were generated by
focusing the beam into a gas cell, dispersed using flat-field grating, and imaged using a microchannel plate and phosphor screen detector. HHG was performed using either: 1) the
uncompressed fundamental pulse, 2) the second harmonic of the uncompressed pulse, or 3) fewcycle pulses obtained from the HCF compressor. BBO used for SHG. DM: Dichroic mirror. FL:
Focusing lens. CM: Chirped Mirror. DC: Dispersion compensation.
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7.1.2 Many-Cycle Pulse HHG
Owing to the comparatively low energy and long durations of the uncompressed laser pulses, highorder harmonics are not efficiently generated in our experiments. The relatively low driving laser
intensity obtained under the above-mentioned focusing conditions (< 2×1013 W/cm2) places a hard
limit on the harmonic cutoff photon energy which can be achieved. While this intensity can be
increased by reducing the focal spot size inside the gas cell, efficient phase matching also becomes
more challenging due to a higher degree of ionization and larger intrinsic and geometric phase
accumulation. As mentioned in the previous section, this is typically circumvented through the use
of few-cycle pulses, for which much higher intensities can used to increase both the efficiency and
cutoff energy. However, as was further alluded, driving high-order harmonics using a higher laser
frequency can also increase the HHG efficiency.
Figure 7-3 demonstrates this enhancement by comparing the HHG spectra generated from
the uncompressed fundamental laser pulses (centered at approximately 1025 nm) and their second
harmonic (centered at approximately 511 nm). The second harmonic pulses are generated with
more than 50% efficiency using a 2 mm thick BBO crystal, and their duration is estimated to be
200 fs from the sum-frequency cross-correlation with the fundamental pulses. The high-harmonic
spectra were obtained by focusing the beam into a rectangular gas cell (0.4 mm inner length)
backed with 20 torr of krypton gas. While the fundamental pulse HHG spectra extends up to 40
eV, the second harmonic HHG spectrum consists of a strong 9th harmonic peak at 21.8 eV, with
weak peaks at approximately 17 eV (not shown) and 26.7 eV, corresponding to the 7th and 11th
harmonic orders, respectively.
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Figure 7-3: HHG Spectra Obtained Using the Fundamental and Second Harmonic Pulses
HHG spectra obtained from the uncompressed fundamental and second harmonic pulses in a Kr
filled gas cell.

While the energy of high-harmonic cutoff is reduced from the use of the second harmonic pulse,
the 9th harmonic peak at 21.8 eV is nearly 10 times stronger than the strongest fundamental pulse
harmonics. Additionally, by using the second harmonic to drive HHG, the spacing between
adjacent harmonics also grows, making it easier to isolate a single harmonic. This is further
facilitated by the use of a 0.5 µm-thick Al filter, which removes all harmonics below the 9th order.
Although these measurements were taken starting with the maximum energy of the fundamental
pulse (400 µJ), which is obtained when operating the laser at a base repetition rate of 50 kHz, the
laser system can operate at higher repetition rates (Fig 2-1) with lower pulse energy. As will be
discussed in section 7.2, high-flux narrow bandwidth harmonics are an ideal XUV source for
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obtaining high-energy resolution photoelectron spectra, and the characterization and optimization
of this source for performing trARPES is described in the rest of this sub-section.
Since the relative intensities of HHG spectra are dependent on the driving pulse intensity,
repetition rate dependent characterization of the 9th harmonic isolation is necessary to estimate the
on-target XUV flux. This is displayed in Fig 7-4 , from which we can see the 9th order is more than
10 times stronger than the 7th and 11th orders for repetition rates between 50 and 125 kHz.

Figure 7-4: Intensity Contrast of the 7th, 9th, and 11th Harmonic Orders
Repetition rate dependent ratio of 9th harmonic order to the 7th and 11th orders. The fundamental
pulse energies corresponding to 50, 75, 100, 125, and 150 kHz repetition rates are 400, 267,
200, 160, and 133 µJ, respectively.

As will be seen from the measurements presented in section 7.2, trARPES measurements are
intrinsically multi- dimensional, as energy-momentum spectra must be collected along different
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symmetry axes of the crystalline sample and for a wide range of pump-probe delays. Therefore, a
high average photon flux is necessary to reduce the data collection time, while maintaining high
signal-to-noise ratio. However, it is also necessary to limit the single-shot photon flux, which is
responsible for space-charge broadening. Simultaneous optimization of both the single-shot and
average photon flux are carried out through careful optimization of the phase matching of HHG
and the repetition rate of the driving laser pulses. First, we optimize the phase matching of HHG
by scanning the gas cell position relative to the focal spot and optimizing the krypton backing
pressure. We find that the single-shot flux of the 9th harmonic is optimized at a repetition rate of
50 kHz for a krypton pressure of 20 torr. Under these conditions, the average photon flux of the
9th order is measured to be approximately 2×1012 photons/second using an XUV photodiode.
After passing through the 0.5 µm-thick Al filter, with a measured transmission rate of 2.5%,
the on-target photon flux is measured to be 5×1010 photons/second, as shown in Fig. 7-5 (panel a).
This corresponds to 106 photons per pulse. As will be described in section 7.2, such a high singleshot flux results in significant space-charge broadening, which will decrease the energy resolution.
However, by taking advantage of the tunable repetition rate and per pulse energy, the single-shot
flux can be reduced while simultaneously increasing the repetition rate. We obtain an on-target
photon flux of approximately 1×1010 photons/second (105 photons/pulse) when running at 100 kHz
and 2.5×1010 photons/second (approximately 1700 photons/pulse) at 150 kHz. The stability of the
harmonic flux for 50 kHz repetition rate is shown in Fig. 7-5 (panel b). After an initial warm-up
period, the flux is stable for the entire 5.5-hour measurement time, with a normalized root-meansquare deviation of 3.14%, which is sufficient to support the pump-probe measurements.
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Figure 7-5: On-target Flux and Stability of 9th Harmonic
(a) At low repetition rates, the average flux approaches 1011 photons/s, and is maintained above
109 photons/s for repetition rates of 125 kHz and below. (b) Measured stability of the 9th
harmonic over a period of 5.5 hours using 50 kHz repetition rate.

7.1.3 Few-Cycle Pulse HHG
As mentioned in section 7.1, efficiently extending the high-harmonic cutoff deeper into the
XUV requires reduction of the pulse duration to few optical cycles. The results presented in this
subsection outline various high-harmonic spectra obtained from using few-cycle pulses of different
durations, different gas-cell geometries, and gas media. I begin by comparing the high-harmonic
spectra generated from a many-cycle (uncompressed) pulse and a few-cycle pulse in a Kr-backed
gas cell equivalent to the one used in the experiments outlined in section 7.1.2. Here, the few-cycle
pulses were obtained using the 1.4-meter Xe-filled HCF compressor described in section 5.2.2. As
seen by the FROG retrieval of these pulse shown in Fig 5-5, the FHWM duration is 15 fs, which
corresponds to approximately 4.5 optical cycles.
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Figure 7-6: HHG Spectra of Many-Cycle and Few-Cycle Pulses
High-harmonic spectra generated by uncompressed 280 fs (red) and compressed 15 fs (purple)
pulses in krypton. Backing pressure of uncompressed and compressed pulse measurements are
20 torr and 50 torr, respectively.

The high-harmonic spectra obtained from the compressed (15 fs) and uncompressed (280
fs) pulses are shown in Fig. 7-6, revealing a significant extension of the high-harmonic cutoff
further into the XUV region. The high-harmonic spectrum obtained from the uncompressed pulses
is generated using the same focusing lens, and both spectra are normalized to the intensity of the
23rd harmonic generated by the compressed pulses (approximately 28 eV), allowing for direct
comparison of their relative spectral intensities from Fig. 7-6. The focal spot size of the few-cycle
pulses was measured and used to calculate the beam waist at the cell position (1.5 Rayleigh lengths
after focus) used during the high-harmonic measurements. The best HHG spectra was obtained at
this location using a backing gas pressure of 50 torr. For these measurements, the input pulse
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energy of the few-cycle pulses was measured to be approximately 130 μJ, resulting in an intensity
of 1.7×1014 W/cm2 in the region of interaction. From this value we calculate a cutoff of
approximately 67 eV, in good agreement with the collected spectrum. We also observe a blueshift
in the harmonic spectrum, likely due to the higher intensity in the leading edge of the pulse (Fig
5-5 panel d), resulting in a higher degree of ionization [207]. Similar to the results presented in Fig
7-3, the uncompressed pulses yield a significantly lower cutoff photon energy of approximately
37 eV, due to the lower intensity in the region of interaction.
With the implementation of the 3.5 m HCF, from which a higher transmission could be
achieved while maintaining the same degree of compression, we sought to further increase the
high-harmonic cutoff and XUV flux. To further boost the conversion efficiency, we increased the
inner length of the gas cell to about 2 mm. While increasing the interactional length intrinsically
increases the degree of phase-mismatch that can occur, adequately tuning the few-cycle pulse
intensity and gas pressure should allow for more efficient conversion into the XUV [200]. Under
these new configurations high-harmonic generation was performed once again in Kr gas, but
reproducing the previous results proved difficult.
The strongest harmonic spectra were obtained with the cell located approximately 1
Rayleigh length after the focus, and a backing pressure of 70 torr. The calculated intensity at this
location corresponds to approximately 2.7×1014 W/cm2 when the pulses have the 15 fs FWHM
duration retrieved from the SHG FROG trace. For the CM configuration used, and the path length
difference between the FROG device and the HHG chamber, this duration was expected at the
interaction location when having 13 mm of CaF2 in the beam path. While this estimate is generally
reliable, the pulses at the generation location will never be exactly the same as the ones
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characterized by the FROG device. This is particularly true for pulses few-cycles in duration,
requiring measurements be taken for various dispersion compensation configurations. Figure 7-7
shows the high-harmonic spectra obtained while optimizing the dispersion of the driving pulse,
displaying the intricate dependence of the high-harmonic generation process on the driving laser
chirp.

Figure 7-7: Dispersion Dependent HHG Spectra
HHG spectra obtained using various glass (CaF2) thicknesses to compensate dispersion in a
broadband pulse.

As the glass thickness was varied from 10 mm to 14 mm, the conditions for which we
expected the shortest pulse (13 mm) produced the highest cutoff. At the same time, this high112

harmonic spectrum contained an intricate structure comprised of adjacent narrow and broad
features, suggesting the presence of unmitigated dispersion [208]. However, the HHG spectra
obtained for 12 mm (not shown) and 14 mm resulted in lower cutoff energies. All of the glass used
was anti-reflection coated to prevent significant losses from its insertion, meaning reductions to
the pulse intensity were mainly due to the presence of either positive or negative chirp. Since the
harmonics appeared to broaden with the insertion and not removal glass, more glass was added to
beam path.
Using 16 mm of glass, the cutoff energy was extended beyond 50 eV, with even broader
harmonic bandwidths appearing to merge into a continuum-like structure. Since these pulses are
not short enough to generate IAP the presence of this structure is not entirely clear but could be
due to the presence of a transient phase-matching condition [209]. Further optimization of this
high-harmonic continuum was not possible. Owing to a moderately higher intensity, favorable
phase matching required significant reduction to the beam size when bringing the cell closer to the
geometric focus, ultimately reducing the cutoff energy and HHG flux. Furthermore, the higher gas
loads introduced by the larger cell geometry into the generation chamber placed limitations on the
backing pressure which could be maintained. This in turn prevented the necessary control over the
high-harmonic phase-matching, and restricted further extension. Improving these results would
require solutions to both of these problems.
First, the ultra-high vacuum was improved. The main factor limiting the gas pressure which
can be used inside the HHG chamber is the micro-channel plate at the other end of the detection
chamber (Fig. 7-2). As gas builds up near the high-voltage plates that amplify the photoelectrons
discharging can occur, delivering irreparable damage to device. Thus, controlling the gas flow
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from the generation chamber to the detection chamber is paramount to the longevity of the setup,
and gas pressures are maintained below a certain threshold. We define this operational threshold
for the gas cell backing pressure at the value that results in an ion gauge reading of 1x10-5 torr
inside the detection chamber. By installing a solid copper gasket with a small hole between the
generation chamber and the detection chamber, the conductance between the chambers was
reduced, and the purity of the vacuum at the detector side was improved.
In the meantime, compression experiments with molecular gases were ongoing, giving us
access to even shorter pulse durations than previously used for high-harmonic generation. As these
pulses can reach durations below two optical cycles, we chose to change the gas medium in hopes
of obtaining more favorable phase matching conditions. For the following experiments the gas
medium was changed to Ar, whose higher ionization potential reduced the degree of ionization
and allowed for better balancing of the phase matching conditions experienced at higher laser
intensities. Figure 7-8 compares the high-harmonic spectra obtained from using Xe compressed
pulses (with a duration of approximately 15 fs – corresponding to 4.5 cycles) and N2O compressed
pulses (with a duration of approximately 6 fs – corresponding to less than 2 cycles). The best highharmonic spectra obtained from the 4.5 cycle pulses were generated at a backing pressure of 110
torr, with the cell located approximately 1.5 Rayleigh lengths away. Here, we observed a
significant extension to the high-harmonic cutoff to upwards of 70 eV.
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Figure 7-8: High-Harmonic Spectra Using Sub-Two Cycle Pulses
HHG spectra obtained using Xe-compressed pulses (top) and N2O-compressed (bottom) pulses
in an Ar-filled gas cell. Reduction of the pulse duration below two cycles results in the
generation a smooth XUV continuum structure.

The high-harmonic spectra from the sub–two-cycle pulses were generated at a backing
pressure of 90 torr, with the cell centered approximately 1.7 Rayleigh lengths after the focus. For
the sub–two-cycle pulse, in contrast to the >3 cycle pulses obtained using Xe, the discrete
harmonics merge into a supercontinuum spectrum. The observed harmonic cutoff of 80 eV is
consistent with an estimated intensity of 2×1014 W/cm2, based on the experimental focusing
conditions, measured pulse energy, and the FROG-retrieved intensity profile. The observation of
a high-order harmonic supercontinuum provides evidence for the temporal confinement of the
XUV emission. However, it is not sufficient evidence to suggest the generation of isolated
attosecond pulses. High-order harmonic generation with few-cycle pulses results in harmonic

115

peaks which shift in frequency as the carrier-envelope phase (CEP), giving the appearance of a
supercontinuum when driven by laser pulses with unstable CEP [210]. Therefore, isolating a single
attosecond pulse typically requires the use of driving lasers having both sub-two-cycle pulse
duration and stable CEP. While it was not possible for us to stabilize the CEP during these
measurements, and therefore to measure its effects on the generated XUV spectrum, we expect
that spectral broadening in molecular gases should allow the generation of few-cycle pulses with
stable CEP, provided that the CEP of the input laser pulses is stabilized.

7.2 Time-resolved Spectroscopies
As the physics behind the HHG mechanism became more widely understood, efficient generation
of these XUV and x-ray sources of radiation resulted in the emergence of a variety of new
measurement techniques capable of exploring ultrafast processes in a new temporal regime. Early
experimental implementations [211-213] of the high-harmonic sources sought to use the
temporally confined generation mechanism of the light train to probe properties of the atoms and
molecules from which photon emission was taking place. Interferometric analysis of the high
harmonic comb could provide structural and dynamic information about the contributing electron
orbitals through their amplitude and phase in the far-field interferogram [211,212]. Similarly,
experiments looking into electron wavepacket interferences with the use of velocity map imaging
(VMI) could determine momentum variations of subsequent emissions inside these attosecond
pulse trains (APT) in the presence of a strong laser field, providing new insight into the
photoionization process [213].
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To further obtain precise control over the timing between pluses initiating and probing
these ultrafast phenomena, the isolation of a single attosecond pulse also became a sought-after
experimental tool [38,42]. The generation of photons within the cut-off region, which occurs for
electrons experiencing the highest intensity of the laser field, can produce of a smooth continuum
structure when using CEP-stable few-cycle (< 2 cycles) sources [42]. Since these photon energies
are only generated within a half-cycle of the driving field, the spectral filtering of this continuum
results in the generation of a single attosecond pulse. Although various gating techniques have
been demonstrated to allow the generation of isolated attosecond pulses (IAP) for multi-cycle
driving pulses, a mixture of amplitude [39,214] and ionization-based gating [215,216] is typically
employed.
These would prove to be powerful additions to existing spectroscopic techniques such as
photoelectron spectroscopy [43] and transient absorption spectroscopy [217], where the addition
of attosecond resolution now permits the characterization of photoionization time delays [218], as
well as the observation of real-time valence motion of electrons in atoms [219], and changes in the
electronic character of molecules as they travel across nonadiabatic curve-crossings [220].
However, the low photon fluxes of IAP and small cross-sections of these processes result in a need
for very long data acquisition times in order to reduce signal-to-noise ratios and can make it
challenging to ensure long-lived CEP stability is maintained across measurements. Although Ti:Sa
systems, which have been primarily used to perform these attosecond measurements, can now
reach several kHz repetition rates, there still remains large demand to obtain high-repetition rate
few-cycle sources capable of generating IAP and APT for use in these experiments [45].
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The advent of these table-top sources of ultrashort XUV pulses would also prove extremely
valuable for experiments requiring sub-picosecond resolutions, relaxing a lot of the requirements
placed on the driving laser source in comparison to attosecond measurements. For instance,
traditional PES, as well as ARPES, which in the past relied on synchrotron and free electron laser
sources to obtain XUV and soft x-ray photons, were granted a more accessible and permanent type
of setup with almost the same level of tunability [43]. The use of femtosecond sources also added
the ability to time-resolve the photoemission of electrons, expanding the capabilities of ARPES to
study the ultrafast dynamics of electronic properties in materials. However, owing to the nature of
the photoelectron generation process, together with the time-of-flight detection mechanism
employed by HHG-based trARPES, careful consideration over the pump and probe durations is
required to optimize the desired temporal and spectral resolution of the photoelectron spectra.
As most setups [221-223] have relied on short (~ 30 fs) pulses from Ti:Sa amplifiers to
generate high-order harmonics, the high sensitivity of HHG to the laser field strength results in
harmonic pulses with even shorter durations being used for HHG-based trARPES. Assuming a
Gaussian pulse shape, a 20-fs harmonic pulse would result in a full-width at half-maximum
spectral bandwidth of 90 meV, which can prevent the resolution of fine structures found in the
Brillouin zone of many materials. The use of longer driving pulses [224] (>100 fs) on the other
hand would result in the generation of narrower harmonic bandwidths, allowing measurements
with improved spectral resolution at the expense of a reduced temporal resolution. Furthermore,
the vacuum space charge effect [225], which occurs due to Coulomb repulsion of electrons emitted
from the sample surface, can lead to significant (>1 eV) energy shifts in the photoelectron spectrum
and severe degradation of the energy resolution [226]. This effect can be mitigated by driving
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HHG with high repetition rate, low-energy laser pulses, for example, in an enhancement cavity
[227]. However, in most cases, one must make compromises to simultaneously optimize the XUV
flux, signal-to-noise ratio, and energy resolution for a particular experiment. Typically, the best
energy resolution can be obtained only by using a monochromator, both to select the single
harmonic order [221] and to narrow the XUV linewidth [228]. However, it has recently been
shown that the monochromator can be avoided when driving HHG with short wavelength lasers,
since the spectral separation between the neighboring odd harmonics increases with the
fundamental laser frequency. For example, by driving HHG with the second harmonic (λ ≈ 400
nm) of a Ti:Sa laser, aluminum and tin filters [222,229,230] can be used to select a single harmonic
order. This approach has the additional benefits of a narrower harmonic spectrum [230] and higher
efficiency of HHG [231].
There is thus great potential in employing Yb-based sources for HHG-based time resolved
spectroscopies, whose higher average powers could eventually expand these techniques into the
MHz regime. This will require the ability to fully tune the spectral bandwidth of the pulses from
many- to few-cycle durations in order to be able to produce both the tunable APT bandwidths and
IAP employed by these various spectroscopic techniques.

7.2.1 Tr-ARPES Setup
In trARPES [232] a pump beam (typically a moderately high Intensity IR source) and a probe
beam (UV or XUV source) are used to map out the electronic band structure of materials. The
strong pump beam populates a particular band, which the probe beam subsequently emits as
photoelectrons. The time of flight and direction of the emitted photoelectrons, along with the
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known energies of the probe and the work function of the material, are used to accurately
reconstruct the energy-momentum distribution of a material's band structure. Adding a temporal
delay between the pump and the probe allows the lifetime of these excited states to be determined,
providing unprecedented understanding of the relaxation and correlation dynamics of electronic
band structures. The type of pump and probe sources used for these experiments determine what
parts of the Brillouin zone are explored, what excitation and relaxation dynamics are observed,
and how well these processes are resolved in time and energy. As mentioned in the previous
section, the latter is of particular importance to obtaining high quality data. The following section
present trARPES experiments performed using the high-harmonic source described in 7.1.2. A
schematic of the beam line constructed to perform the trARPES experiments is illustrated in Fig.
7-9.

Figure 7-9: Schematic of Experimental Setup for trARPES
HWP: half-wave plate, TFP: thin-film polarizer, QWP: quarter-wave plate, DM: dichroic
mirror, IM: inserting mirror, SM: selection mirror, PD: photodiode.
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The pump and probe pulses are both derived from the laser system, with the second harmonic of
the fundamental laser pulses being used to generate the probe beam, and the remaining
fundamental pulse serving as the pump beam. After SHG, a dichroic mirror separates the
fundamental and second harmonic into the pump and probe arms of a Mach-Zehnder
interferometer. In the probe arm, high-order harmonics are generated in the manner described in
section 7.1.1. After being reflected by a flat mirror, the XUV pulses are focused by a toroidal
mirror (f = 650 mm with grazing incidence angle of 10 degrees, ARW Optical) onto the sample.
Both mirrors are coated with 74.5 nm silicon carbide (SiC, coated by NTT-AT), leading to overall
transmission rates of 62.9% and 0.3% for the 9th harmonic and the 511 nm pulses, respectively.
The distance between the gas cell and the sample is 2.6 m, with the toroidal mirror imaging the
harmonic source in a 4f geometry.
Between the flat mirror and the toroidal mirror, a 0.5 µm thick Al filter (Lebow Company)
is used to block the residual 511 nm pulses and lower order harmonics. Movable mirrors can be
inserted after the HHG chamber and after the toroidal mirror, in order to monitor the transmission
of the 511 nm through the gas cell and to check the alignment of the toroidal mirror. Close to the
entrance to the ARPES chamber, a photodiode (Opto Diode AXUV100AL) is employed to
measure the XUV photon flux. The XUV focal spot size is estimated by imaging the fluorescence
of a Ce:YAG crystal mounted on the sample plate, yielding a FWHM spot size of 95 µm × 125
µm.
The energy and momentum of photoelectrons are measured using a high-resolution
hemispherical analyzer (Scienta Omicron R3000). The energy resolution ∆𝐸 of the analyzer can
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be approximated as ∆𝐸 ≈

𝑠𝐸𝑝
2𝑟

, where 𝑠 is the slit width, 𝐸𝑝 is the pass energy and 𝑟 is the mean

radius of the analyzer. For the slit width of 0.2 mm, the analyzer resolution can reach below 3 meV
when setting the pass energy to 2 eV. The angular resolution of the analyzer is 0.1 degree. Samples
are mounted on an XYZ manipulator with primary and azimuthal rotations and cooled using a
liquid helium cryostat. In addition to the laser source, the analyzer is equipped with a helium
discharge lamp (hν = 21.2 or 40.8 eV) for static measurements.
The pump pulses are derived from the residual 1025 nm pulses which transmit through a
dichroic mirror placed after the BBO crystal. A delay stage (Newport, DL125), with a scan range
of 0.8 ns and minimum step size of 0.5 fs, is used to control the time delay between the pump and
probe pulses. After the delay stage, a half-wave plate and thin-film polarizer are used to vary the
pump intensity, and a second half-wave plate and quarter-wave plate are used to vary the
polarization state of the pump pulses. After enlarging the beam size using a telescope, the pump
pulses are loosely focused by an f = 1500 mm lens and reflected by a D-shaped mirror onto the
target location, yielding a beam spot size of 2ω = 450 µm on the sample. The angle between the
pump and probe paths is 0.4 degrees. Spatial and temporal overlap of the pump and probe pulses
are found by reflecting the two beams out of the chamber using the movable mirror placed after
the toroidal mirror chamber.
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7.2.2 Time-Resolved Measurements in a Topological Material
The following experiments demonstrate the advantages of this HHG-based trARPES setup through
the study time-resolved electronic structures in the topological semimetal ZrSiS. From these
measurements we characterize the time and energy resolution of the setup. Furthermore, we
investigate the contributions of space-charge broadening to the energy resolution by analyzing data
obtained at various repetition rates.
We begin by demonstrating the ability of this table-top setup to adequately resolve the
static band structure of ZrSiS, revealing the characteristic linearly dispersive surface states located
near the edge of the Brillouin zone. ZrSiS is a novel topological semimetal, with a rich electronic
band structure exhibiting a nodal-line phase well separated from its bulk bands as well as multiple
Dirac cones [233]. In comparison with laser-based trARPES setups, which utilize UV probe beams
created through sequential frequency mixing in nonlinear crystals [234-236], the high photon
energy available from HHG provides access to both higher binding energies and larger transverse
momentum. This is due to the fact that the parallel momentum can be approximated as 𝑘∥ =
√2𝑚𝑒 𝐸kin sin𝜃/ℏ, where 𝑚𝑒 is the electron mass, 𝐸kin and 𝜃 are the kinetic energy and emission
angle of the emitted photoelectron, respectively, and ℏ is the reduced Planck's constant. For a fixed
emission angle, higher kinetic energy results in a larger momentum. In our case, with an angular
acceptance of 25 degrees, and electron kinetic energy of 17.3 eV (calculated from the difference
between the probe photon energy and the material work function), the range of momentum space
can reach 0.9 Å-1.
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Fig. 7-10 shows the band structure of the nodal line state, collected along the (Γ – M
direction), resolving the linearly-dispersing bands leading to the Dirac point near the Fermi level.
The integration time for the measurement was 2 minutes, using a laser repetition rate of 130 kHz.
By measuring several ARPES spectra for different rotational angles, a map of the Fermi surface
and several energy contours of ZrSiS can be constructed. Figure 7-11 shows the map generated by
collecting 81 ARPES spectra within the range of -15 to 25 degrees. Each cut was collected with
an integration time of 2.5 minutes, for a total collection time of 203 minutes across all
measurements. Owing to the relatively large momenta which could be accessed, the map covers
most of the Brillouin zone, allowing access to the high-symmetry points. The map, which shows
the splitting of the nodal-line state into two separate lines with increasing binding energy is
consistent with synchrotron measurements collected at a higher photon energy of 50 eV [233].
Through the addition of the pump pulse, we can also populate and track the thermalization
of states which are unoccupied under equilibrium conditions [232]. For pump-probe measurements
in ZrSiS, we use a pump fluence of 760 J/cm2 and focus our attention on the surface state. Figure
7-12 (panel a) shows the surface state cut (close to X – M direction) with linearly-dispersive
valence bands. Panel b shows the intensity integrated within a region of energy-momentum space
(enclosed by the black square) which is accessible only with the pump pulse as a function of the
time delay between the pump and probe. Using the rise time of this time-resolved measurement
we can estimate the time resolution of the trARPES setup.
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Figure 7-10: Nodal Line State in ZrSiS
Band dispersion along the nodal line state (Γ – M direction) in ZrSiS.

Figure 7-11: Maps of the Electronic Band Structure in ZrSiS
Fermi surface and constant energy contour plots obtained at various binding energies. The high
symmetry points and the nodal line direction (dashed arrow line along the Γ – M) are indicated
in the leftmost panel.
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Since the highest-energy states above the Fermi level can be populated only through a
single channel, this is achieved through direct absorption of a pump photon. Following this, the
high-energy electrons will decay to lower energy states via scattering, resulting in an asymmetric
distribution which encodes the different times scales of the population and decay processes. By
fitting the delay-dependent signal to a convolution between a Gaussian and an exponential decay,
as shown by the red line in Fig. 7-12 (panel b), we can extract the effective temporal resolution.
The fit yields a Gaussian temporal broadening of 320 fs, which corresponds to the cross-correlation
between our 280 fs pump pulses and an XUV pulse with duration of approximately 150 fs.

Figure 7-12: Time-Resolved Measurements in ZrSiS
(a) Band dispersion of the surface state (close to X – M direction). (b) Integrated signal within
the box in panel (a). Each data point in panel (b) was taken with 2 minutes integration time at a
laser repetition rate of 130 kHz.
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To properly characterize the energy resolution of the setup, we must take into consideration
the various factors involved in determining and measuring the photoelectron energy. Near the
Fermi level, the electronic density of states is governed by the Fermi-Dirac distribution. The
ultimate limit to the energy resolution of the measurement is therefore determined by the sample
temperature, the XUV harmonic bandwidth, and the detector resolution. However, the presence of
space-charge broadening, particularly when high photon flux and low repetition rates are used, can
degrade the energy resolution. These contributions to the energy resolution can be estimated as:

2
2
2
∆𝐸 = √∆𝐸𝑋𝑈𝑉
+ ∆𝐸det
+ ∆𝐸SC

( 7-4 )

Here, the first factor corresponds to the XUV spectral bandwidth, the second to the analyzer
resolution, and third to space charge broadening. While we cannot directly measure the spectral
bandwidth due to the limited resolution of our XUV spectrometer, we can determine a lower limit
for the bandwidth based on the measured time resolution. A transform-limited Gaussian XUV
pulse with a FWHM duration of 150 fs would yield a spectral bandwidth of approximately 12
meV. Regarding the detector, under our experimental conditions (𝑠 = 0.2 mm, 𝐸𝑝 = 10 eV), the
analyzer resolution is determined by the manufacturer to be 8.8 meV. Since the contribution from
the space charge broadening effect is dependent on the number of photoelectrons generated per
pulse, its characterization requires analysis of the XUV flux used to perform each measurement.
To investigate the scaling of the energy broadening with photon flux, we take advantage
of the tunable repetition rate of our laser system. This is done by analyzing the momentumintegrated Fermi edge of ZrSiS (Fig 7-13) for constant values of the average laser power, but with
varying repetition rate. As a result, we are able to vary the high harmonic flux using the same input
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average power, but with different combinations of driving pulse energy and repetition rate. As the
repetition rate increases, the number of photons per pulse is decreased, while the overall photon
flux is minimally affected. Furthermore, all measurements were taken with liquid nitrogen cooling
of the sample, allowing further isolation of the space-charge effects.

Figure 7-13: Effects of Space-Charge Broadening on Energy Resolution
(a) Momentum-integrated Fermi edge for different repetition rates at a constant laser power of
20 W. (b) Dependence of overall energy resolution on the incident photon flux.

At low repetition rate (high pulse energy), the energy broadening is dominated by spacecharge effects, and significant shifts of the Fermi level on the >100 meV scale can be seen. At high
repetition rate (low pulse energy), however, the contributions from the XUV bandwidth and
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detector resolution, as well as the thermal broadening, play a major role. We fit the data for each
repetition rate to a Fermi-Dirac distribution with temperature of 77 K and plot the FWHM
bandwidth as a function of the per-pulse photon flux 𝑁, as shown in Fig. 7-13 (panel b). The
contribution of space-charge broadening scales as 𝑁1/2 , as expected for femtosecond XUV pulses,
and including this dependence in a fit to the overall energy broadening allows us to determine the
ultimate limits to our resolution.
At 150 kHz, which presents a practical limit for measurements with reasonable integration
time of several minutes, we find that there are approximately equal contributions from thermal
broadening (26.5 meV) and space-charge broadening (20.1 meV), and that the overall energy
resolution, excluding thermal broadening, is < 30 meV (Fig. 7-14). Based on these fits, along with
the manufacturer-supplied detector resolution, we obtain a FWHM XUV bandwidth of 16.3 meV,
more than three times improvement over the best results with high-order harmonics from Ti:Sa
laser [229]. Using liquid helium, we anticipate an improvement of the overall energy resolution to
nearly 30 meV, close to that which can be obtained with laser ARPES at much lower photon
energies.

129

Figure 7-14: Momentum-Integrated Fermi Edge at 150 kHz
Fitting of the Fermi-Dirac distribution (red line) with a temperature of 77 K returns an overall
energy resolution of 29.2 meV.

While these measurements demonstrate a significant improvement in the achievable energy
resolution and usable photon flux over Ti:Sa-driven HHG-based trARPES systems, they lack the
time resolution needed to characterize few-femtosecond dynamics, such as those present during
quantum phase transitions [237,238]. However, by incorporating few-cycle pulses from the HCF
compressor the temporal resolution of the setup can be improved and can in principle be tuned
along with the energy resolution to optimally capture the physics of interest. Based on the energy
throughput of the nonlinear compressor, the decreased efficiency of second harmonic generation
for broad bandwidths, and the increased intensity associated with the short pulse duration, efficient
harmonic generation is expected to be maintained for driving pulses near 15 fs durations.
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Accordingly, we have generated high-order harmonics using the second harmonic of the
compressed fundamental pulse, once again isolating the 9th harmonic centered at 21.8 eV [239].
The fundamental pulses are first propagated through the HCF in 1.3 bar of Xe, generating
a bandwidth supporting an FTL pulse duration of 18 fs. After collimation, the spectrally-broadened
pulses are reflected through a set of CM (PC1611) bounces, where the dispersion is
overcompensated to account for the long optical path length through the trARPES beamline. By
passing the broadened pulses through a BBO crystal (0.2 mm thickness), second harmonic pulses
are generated with around 10% conversion efficiency, with a spectral bandwidth supporting an
FTL pulse duration of 17 fs. The second harmonic pulses are then focused into a Kr-filled gas cell
(as described in 7.1.2) with a backing pressure of 40 torr to generate high-order harmonics. Just as
with the uncompressed source, the 9th order is isolated and focused by a toroidal mirror onto the
sample, while the residual compressed fundamental pulses are collected by a dichroic mirror and
used as pump. In contrast to the uncompressed source, the spectral linewidth of the 9th harmonic
(Fig. 7-15 panel a) generated using the few-cycle source is measured to be 135 meV. This
corresponds to a Fourier-transform limited XUV pulse duration of <14 fs. With the 20 fs pump
pulses, this sets a lower limit of 24 fs for the overall time resolution.
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Figure 7-15: Few-Cycle trARPES Setup Characterization
(a) Linewidth of the 9th harmonic order. (b) Cross-correlation of the compressed 1030 nm pump
and 515 nm driving pulses.

We can further estimate of the time resolution of the trARPES setup, by measuring the
cross-correlation of the pump and the driving laser of the probe (SHG) using sum-frequency
generation, as shown in panel b of Fig. 7-15. The FWHM of the cross-correlation is measured to
be 42 fs, although the large amount of dispersion in the beamline results in a positively-chirped
second harmonic pulse. This value can be considered as an upper limit on the time resolution, due
to the uncompensated chirp and because the pulse duration of the XUV is expected to be smaller
than that of the second harmonic driving laser. The actual time resolution at the sample position
must be measured using trARPES, which is bound to improve with the future incorporation of
dispersion compensating mirrors in the SHG beam path.
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CHAPTER 8: SUMMARY AND OUTLOOK

In this dissertation, I have demonstrated the ability to generate few-cycle pulses from a high
average power commercial Yb laser amplifier. I have investigated the application of commonly
implemented nonlinear compression techniques to generate few-cycle durations from moderately
lower energy and longer duration pulses than are typically used in conjunction with these
approaches. The challenges associated with the reduced laser intensity of this source to generate
supercontinuum bandwidths have been studied using a combination of solid and gas-based
compression techniques, demonstrating fundamental limitations associated with the need to
employ highly nonlinear media. In the case of atomic gas based HCF compression, compression
of pulses to 15 fs duration can be routinely achieved and maintained up to several tens of kHz
repetition rates. Combined with a second stage of compression in thin solid media, pulse durations
can be reduced to below 10 fs. The high throughput efficiency and stability that can obtained in
both 1 and 3-meter long fibers suggest subsequent compression in a second HCF to even shorter
durations is viable, at the expense of moderate increases to the experimental complexity.
I have then demonstrated how the delayed rotational nonlinearity of linear molecular gases
can significantly enhance the nonlinear phase shift accumulated by pulses with long input
durations, resulting in the generation of multi-octave supercontinua. The prolonged interaction
with the laser aligned molecules results in a more efficient way to broaden pulses with long input
durations and is shown to allow compression to below two optical cycles (< 6 fs). Furthermore, I
investigated the potential to extend this technique to high average powers by studying the effects
nonequilibrium rotational state distributions in the repetitively laser-heated molecular gas have on
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the supercontinuum spectrum and explored mitigation techniques to reduce spectral narrowing
effects. The physics of the delayed rotational mechanism raise interesting questions for the
application of this technique to shift the central laser frequency through careful choice of the
molecular medium, potentially providing a more efficient way to extend the spectrum of long
wavelength sources further into the infra-red through the use of microstructured fibers with
dispersion characteristics suitable for self-compression or frequency conversion.
Based off the investigations presented in this dissertation, Table 8-1 summarizes the
applicability of the utilized compression techniques to generate few-cycle pulses from Yb-based
laser sources.
Table 8-1: Compression Scheme Applicability
Yb-Laser

Multi-plate

Parameters

Medium

Pulse Energy (mJ)

Hollow-core Fiber

Hollow-core Fiber

(atomic)

(molecular)

Light

Heavy

Linear

Heavy

0.1 – 1

~1

<1

0.1 – 1

0.1 – 1

Pulse Duration (fs)

< 50

< 100

> 100

> 100

< 100*

Average Power (W)

~ 100 [139]

> 100 [198]

< 100

~ 10

<5

While a multiplate medium can be easily utilized to broaden the laser spectrum, the comparatively
low peak powers of pulses with long input-durations prevent large nonlinear phase accumulation
unless thick (~ 1 mm) plates are used [140]. This can in-turn decrease the efficiency through the
generation of narrowband off-axis spectral components. Additionally, the need to employ multiple
stages of compression to reach few-cycle durations is bound to further reduce the overall energy
throughput of the compressed pulse. Utilizing the MPC as a subsequent stage of compression
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[136,139] following initial compression to few-cycles can significantly increase the efficiency and
reduce spatial distortion with the use of thinner plates. Through the right choice of focusing
conditions, spectral bandwidths supporting pulse durations as low as 5 fs [139] have been obtained
from systems outputting average powers on the order of 100 W.
For pulse energies on the millijoule-level, light atomic gas-filled hollow-core fibers have
been demonstrated to work well for pulses with input-durations of a few hundred femtoseconds
[158,159]. Compression to few-cycles using systems outputting hundreds of watts of average
power [197,198] have been demonstrated through the use of active fiber cooling and pressuregradients, showcasing the scalability of this approach. However, systems outputting even longer
pulse durations and/or lower pulse energies require the use of heavier atomic gases to generate
comparable spectral bandwidths [160-163]. Ionization of the medium through repetitive laser
interaction [194] is likely to complicate the average power scaling above several tens of watts
without the implementation of pressure-gradients, but the high cost of employing heavy atomic
gases may prohibit this approach.
Cheaper alternatives to post-compression of long input duration, lower energy pulses have
been found in hydrofluorocarbon-filled hollow-core fibers [178,183], but the extra degrees of
freedom of these heavy molecules prevent their average power scaling above a few watts. Using
relatively shorter (<50 fs) pulses to induce vibrational nonlinearities that further extend the
spectrum has been previously demonstrated in SF6 [182], but the average power scaling of these
bandwidths has not yet been thoroughly studied. In contrast, by employing linear molecules [164],
where the rotational nonlinearity is dominant, efficient compression of long input durations can be
achieved with pulse energies below 1 millijoule. Furthermore, extension of the spectrum to longer
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wavelengths can be utilized to red-shift the laser frequency, providing an alternative source of fewcycle pulses at NIR wavelengths typically obtained through optical parametric processes. While
the repetitive laser heating of the medium also poses challenges in power scaling linear molecular
gas-filled HCF above several watts, heat-dissipation techniques already applied to atomic gasfilled HCF compressors [198] will likely be effective in mitigating these temperature related
effects.
Finally, I have shown the use of our tunable laser source to generate high-order harmonic
spectra, providing a versatile table-top XUV source for time-resolved spectroscopies. I
demonstrate their application to time-resolved angle-resolved photoemission spectroscopy through
high energy resolution tracking of picosecond relaxation dynamics in a novel quantum material. I
have also used sub-two cycle duration pulses to generate a high-order harmonic XUV continuum,
suggesting a path to perform attosecond measurements with commercial laser systems. These
milestones pave the way for future applications of this tunable high repetition rate XUV source
and provide evidence for future improvements on the source development to fully take advantage
of the unique parameters space employed by Yb-based systems. Ongoing experiments seek to
implement the compressed fundamental laser source, in conjunction with its frequency doubled
pulses for HHG, to introduce tunability over the temporal resolution of the trARPES setup.
Furthermore, work is ongoing to stabilize the CEP of the fundamental laser source and to construct
a new beamline which will allow the use of these few-cycle pulse to elucidate the nature of bound
electron dynamics in atoms and molecules through attosecond interferometry.
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Parts of this dissertation incorporate material from three of my 1st author publications, as well as
one of my coauthored publications, which were published in Applied Physics Letters (APL), the
Journal of the Optical Society B (JOSA B), Science Advances (SA), and Review of Scientific
Instruments (RSI), respectively.
The APL and RSI papers are published through the American Institute of Physics (AIP)
journals, whose copyright permission terms mentioned in the authors right and permission section
state that:" Authors do not need permission from AIP Publishing to reuse your own AIP Publishing
article in your thesis or dissertation (please format your credit line: “Reproduced from x with the
permission of AIP Publishing”).” I have added this statement to the introduction of chapters 4 and
7 of my dissertation, where content from the APL and RSI papers is found.
The JOSA B paper is published through the Optical Society (OSA) journals, whose
copyright permission terms are summarized in the table found at the following link:
https://www.osapublishing.org/submit/review/copyright_permissions.cfm
Based on the provided information, reuse of the published work of authors by themselves for
academic purposes and activities are permitted, and a statement similar to that required by the AIP
journals is found at the beginning of chapters 5 and 7 where I have used content from the JOSA B
paper.
The SA paper is published through the American Association for the Advancement of
Science (AAAS), whose copyright permission terms mentioned in the License to Publish
agreement states: “Author also retains the non-exclusive right to use the Work in the following
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ways without further permission but only after publication of the Work by AAAS and subject to
the requirement that credit be given to its first publication in the appropriate issue of the applicable
Science journal: …Reprint the Work in print format for inclusion in a thesis or dissertation that
the Author writes.” Furthermore “The following credit line must be printed along with the AAAS
material: "From [Full Reference Citation]. Reprinted with permission from AAAS."” Since
contented has not been reprinted but reformatted, I have added similar statement as the ones
mentioned above to the introduction of chapters 6 and 7 of my dissertation, where content from
the SA paper is found.

139

APPENDIX B: SINGLE-SHOT SHG FROG
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The temporal characterization device employed throughout this dissertation was a home-built
second harmonic generation frequency resolved optical gating (SHG FROG) device, implemented
using a single-shot geometry. Typical FROG devices utilize a scanning geometry, where the timedelay between two pulses is controlled by manually scanning a translational stage located in one
of the arms of the interferometer. In contrast, a single-shot (SS) FROG geometry maps the
temporal delay between pulse onto their transverse position as they spatially and temporally
overlap at the nonlinear crystal. The top left diagram in Figure B-1 shows a schematic of the beam
geometry used in the SS SHG FROG device. In our setup (shown at the bottom of Fig B-1), the
pulses are focused onto a 0.01 mm thick BBO crystal using cylindrical focusing mirrors, resulting
in pseudo 2-dimensional beamlets, whose longitudinal size (corresponding to the pulse duration)
is mapped onto the nonlinear signal as the two transversely overlap in the medium, producing the
SHG intensity autocorrelation along the signal’s transverse dimension.
To obtain the necessary frequency resolution, we spectrally disperse the signal using a glass
prism. First, we rotate the orientation of the signal beam after its collimation using a periscope,
placing the time-axis along the sagittal plane. This allows the generation of the frequency axis
along the transverse plane after passing through the prism, simplifying the experimental setup. A
second lens is used to collimate the divergent beam exiting the prism before it is sent to a CMOS
camera for detection. The top right inset of Fig B-1 shows the typical signal obtained from the
SHG FROG device, displaying the entire spectrogram in a single image, and allowing real-time
optimization of the dispersion compensation. Calibration of the temporal axis is obtained by
incrementally scanning the delay stage and following the maximum of the frequency-integrated
signal as it moves across the time-axis. From the linear relationship between the delay position
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and the pixel value obtained from fitting the frequency-integrated signal, we can extract the perpixel temporal resolution. Calibration of the frequency axis is obtained through the use of narrow
bandwidth (±10 nm) filters, from which discrete frequencies along the SHG signal are mapped to
pixel values of the spectrogram image. Using no less than 4 values, a polynomial fit is created and
used to extrapolate a frequency value for each pixel in the image.

Figure B-1: Single-Shot SHG FROG Schematic
Top left: Fundamental concept behind SS FROG; figure adapted from [169]. Top right: Example
of spectrogram signal obtained using Xe-filled HCF compressor. Bottom: Experimental diagram
of setup. BS: beam splitter, DC: dispersion compensating optic to match transmitted beam, CM:
cylindrical focusing mirror.
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APPENDIX C: SPECTRAL CALIBRATION
OF GENERATED SUPERCONITNUUA
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Due to the poor response of silicon photodetectors for wavelengths above 1 μm, obtaining a true
representation of the full spectral bandwidth generated through the SPM process sometimes
requires the use of multiple spectrometers. Various spectra plotted throughout chapters 4-6 of this
dissertation have been collected with the use of both a Si-based VIS-NIR spectrometer (Ocean
Optics HR 2000+ES) spanning 180-1100 nm and an InGaAs-based spectrometer (Ocean Optics
FLAME NIR) spanning 940-1660 nm. For the broadest spectra generated from molecular gases
plotted in chapter 6, an additional cooled InGaAs-based spectrometer (Spectral Evolution IF2500)
spanning 1060-2600 nm is also employed. Using detector response curves provided by the
manufacturers I have corrected the collected spectra, interpolated the data to a common
wavelength axis, and stitched them in a shared region where both spectrometers are reasonably
efficient. Corrected and stitched spectra are shown throughout, unless otherwise specified.
Individual spectra collected using all three spectrometers for 4.4 bar of N2O, along with the
detector response curves, are shown in Figure C-1 to indicate how the spectra were stitched.

Figure C-1: Spectrum Correction and Stitching
The black solid lines show the wavelengths at which the individual spectra were stitched
together. The dotted lines show the normalized responsivity for each spectrometer.
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